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In this thesis, a comprehensive study of the electrical properties of carbon-hydrogen (CH)
complexes in silicon (Si) and silicon-germanium (Si1−xGex) alloys is presented. These com-
plexes form by the reaction of residual carbon impurities with hydrogen that is introduced
either by wet chemical etching or a dc hydrogen plasma. The complexes were detected
and characterized by the deep level transient spectroscopy (DLTS), Laplace DLTS, and
minority carrier transient spectroscopy (MCTS) technique. With this approach, proper-
ties like the activation enthalpy for carrier emission, the capture cross section, the charge
state, and the thermal stability of the complexes were determined. The composition of the
complexes was derived from the analysis of their depth proles in samples with dierent
impurity concentrations. Using these methods, eight carbon-hydrogen related defect levels
(E42, E65, E75, E90, E90′, E262, H50, H180) and one hydrogen related level (E150) were
detected in Si, Si1−xGex alloys and Ge.
Hydrogen plasma treatment at temperatures around 373 K introduces four dominant
traps in Si at about Ec−0.06 eV (E42), Ec−0.52 eV (E262), Ev+0.33 eV (H180), and
Ev+0.08 eV (H50). E42 and E262 are shown to be two charge states of the same defect.
The characteristic eld dependence of their emission rate links E42 with the double ac-
ceptor level and E262 with the single acceptor level of a CH complex. By comparison of
their properties with calculations they are assigned to the anti-bonding conguration of
the CH complex (CH1AB). H180 was previously suggested to be the donor state of the
CH1AB conguration. This hypothesis could not be conrmed. Instead, it is shown that
H180 exhibits a barrier for hole capture of about 53 meV, which hinders the reliable de-
termination of its charge state from the eld dependence of the emission rate. However,
its activation enthalpy is in reasonable agreement with the predicted level position of the
acceptor state of the CHT conguration of CH, where H sits on the tetrahedral intersti-
tial (T ) position next to carbon. Therefore, H180 is tentatively assigned to CHT. H50 is
reported for the rst time and it appears with concentrations close to the detection limit
of the DLTS technique (≈ 1011 cm−3). This complicates the determination of its charge
state. Nevertheless, theory predicts the acceptor level of the CH2AB conguration at about
Ev+0.07 eV, which is remarkably close to the experimental value of H50. Therefore, H50
is tentatively assigned to the acceptor level of CH2AB.
In contrast, hydrogenation of silicon by wet chemical etching introduces three dominant
levels at Ec−0.11 eV (E65), Ec−0.13 eV (E75), and Ec−0.16 eV (E90). Previously, E90
was contradictorily assigned by dierent authors to the donor and to the acceptor state of
the bond-centered conguration of the CH complex (CH1BC). In this work, this contradic-
tion is resolved. It is shown that two dierent defect levels (E90 and E90′) appear in the
DLTS spectra at about 90 K in samples with a low oxygen concentration (< 1017 cm−3).
The acceptor state of the CH1BC conguration (E90) can be observed directly after hy-
drogenation by wet chemical etching or a dc hydrogen plasma treatment at temperatures
below 373 K. In contrast, the donor state of a CHn complex (E90
′, Ec−0.14 eV), that
involves more than one hydrogen atom, is formed by a reverse bias annealing of samples
with a net donor concentration of Nd > 1015 cm−3. By comparison with theory it is con-
cluded that n > 2. In samples with a high oxygen concentration (> 1017 cm−3) E65 and
E75 are dominant. Both levels belong to the CH1BC conguration disturbed by a nearby
oxygen atom. The appearance of two levels is the result of two inequivalent positions of
the oxygen atom in respect to the CH bond.
E42, E90, E262, and H180 are also investigated in diluted Si1−xGex alloys to analyze
the inuence of alloying on their electrical properties. The presence of Ge atoms in the
closest environment of the defects leads to the appearance of additional defect levels close
to those observed in pure Si. The relative concentration of these additional defects is in
agreement with models of the proposed defect structure of E42, E90, E262, and H180. An
increase of the Ge content in Si1−xGex alloys leads to a shift of the defect levels in the band
gap of Si1−xGex. An extrapolation of this shift predicts the appearance of E90 and E262
also in pure Ge.
A hydrogen related level E150 (Ec−0.31 eV) is indeed observed in hydrogenated n-type
Ge. Its concentration is signicantly higher after hydrogen plasma treatment than after
wet chemical etching. It is shown that E150 contains a single hydrogen atom and involves
an unknown impurity, most likely carbon, oxygen, or silicon. E150 represents a reasonable
candidate for a CH complex in Ge.
Zusammenfassung
In dieser Arbeit werden die elektrischen Eigenschaften von Kohlensto-Wassersto-Kom-
plexen in Silizium (Si) und Silizium-Germanium-Legierungen (Si1−xGex) studiert. Diese
Komplexe bilden sich durch Reaktion von Kohlensto-Verunreinigungen mit Wassersto,
welcher durch nasschemisches Ätzen oder eine Wasserstoplasma-Behandlung eingebracht
wird. Der Nachweis und die Charakterisierung der Defekte erfolgte mit den Metho-
den der Kapazitätstransientenspektroskopie (DLTS), Laplace DLTS und der Minorität-
sladungsträgertransientenspektroskopie (MCTS). Damit wurden Eigenschaften wie die Ak-
tivierungsenergie der Ladungsträgeremission, die Einfangquerschnitte, der Ladungszus-
tand und die thermische Stabilität der Komplexe bestimmt. Die Zusammensetzung der
Komplexe wurde durch eine Analyse der Tiefenprole ermittelt, welche in Proben mit
verschiedenen Verunreinigungskonzentrationen gemessen wurden. Mit diesen Methoden
wurde acht Kohlensto-Wassersto-korrelierte Defektniveaus (E42, E65, E75, E90′, E90,
E262, H50, H180) in Si und Si1−xGex und ein Wassersto-korreliertes Niveau in Ge nach-
gewiesen.
Eine Wasserstoplasma-Behandlung bei Temperaturen um 373 K erzeugt vier domi-
nante Defektniveaus in Si bei Ec−0.06 eV (E42), Ec−0.52 eV (E262), Ev+0.33 eV (H180)
und Ev+0.08 eV. Es wird gezeigt, dass E42 und E262 zwei Ladungszustände desselben
Defektes sind. Die charakteristische Feldabhängigkeit der Emissionsrate zeigt, dass E42
der Doppel-Akzeptor- und E262 der Einfach-Akzeptor-Zustand eines CH-Komplexes ist.
Durch Vergleich der beobachteten Eigenschaften mit theoretischen Berechnungen werden
beide Niveaus der antibindenden Konguration des CH-Komplexes (CH1AB) zugeordnet.
Das Niveau H180 wurde in der Literatur bisher mit dem Donator-Zustand der CH1AB-
Konguration in Verbindung gebracht. Diese Hypothese konnte nicht bestätigt werden.
Es wird gezeigt, dass H180 eine Barriere für den Löchereinfang von etwa 53 meV besitzt,
was die Bestimmung des Ladungszustandes aus der Feldabhängigkeit der Emissionsrate
erschwert. Die Aktivierungsenergie von H180 stimmt jedoch befriedigend mit der berech-
neten Aktivierungsenergie des Akzeptorzustandes der CHT-Konguration überein, bei der
H auf der T -Zwischengitterposition sitzt. Daher wird H180 vorläug dem CHT-Komplex
zugeordnet. Das Niveau H50, welches zum ersten Mal hier beschrieben wird, wird nur
mit sehr geringen Konzentrationen nachgewiesen. Dies erschwert die Bestimmung des
Ladungszustandes. Die Aktivierungsenergie von H50 stimmt jedoch auallend gut mit
dem von der Theorie vorhergesagten Akzeptorniveau von CH2AB (Ev+0.07 eV) überein.
Daher wird H50 vorrübergehend CH2AB zugeordnet.
Das Einbringen von Wassersto in Silizium durch nasschemisches Ätzen führt zu drei
dominanten Defektniveaus bei Ec−0.11 eV (E65), Ec−0.13 eV (E75) und Ec−0.16 eV
(E90). E90 wurde bisher widersprüchlich von verschiedenen Autoren dem Donatorzu-
stand und dem Akzeptorzustand der bindungszentrierten Konguration (CH1BC) des CH-
Komplexes zugeordnet. Dieser Widerspruch konnte aufgelöst werden. Es wird gezeigt, dass
in Silizium mit niedrigem Sauerstoanteil (< 1017 cm−3) zwei verschiedene Defektniveaus
(E90 und E90′) bei etwa 90 K in den DLTS-Spektren erscheinen, welche nur mit der Laplace
DLTS-Technik aufgelöst werden können. Der Akzeptorzustand der CH1BC-Konguration
kann direkt nach nasschemischem Ätzen oder einer Wasserstoplasma-Behandlung bei
373 K beobachtet werden. Im Gegensatz dazu wird durch eine Sperrspannungs-Temperung
in Proben mit einer Donatorkonzentration von Nd > 1015 cm−3 der Donatorzustand eines
CHn-Komplexes (E90
′, Ec−0.14 eV), welcher mehr als einWasserstoatom enthält, gebildet.
Durch Vergleich mit theoretischen Berechnungen wird n > 2 geschlussfolgert. Die Niveaus
E65 und E75 sind in Proben mit einem hohen Sauerstoanteil (> 1017 cm−3) dominant.
Beide Niveaus gehören zu einer durch ein O-Atom verzerrten CH1BC-Konguration. Das
Auftreten von zwei Niveaus wird durch zwei nicht-äquivalente Positionen des O-Atoms
bezüglich der CH-Bindung erklärt.
Die Eigenschaften von E42, E90, E262 und H180 wurden ebenfalls in verdünnten
Si1−xGex-Legierungen untersucht. Es wird gezeigt, dass Ge-Atome in der direkten Umge-
bung der Defekte zusätzliche Defektniveaus erzeugen, die in der Bandlücke nahe zu den
Si-Defektniveaus liegen und von durch Ge-Atomen verzerrten Defekten stammen. Die
beobachteten relativen Konzentrationen dieser Ge-korrelierten Niveaus kann mit Modellen
der atomaren Struktur der Defekte erklärt werden. Eine Verschiebung der Defektniveaus
proportional zum Ge-Anteil in der Legierung wurde beobachtet. Eine Extrapolation dieser
Verschiebung legt den Schluss nahe, dass E90 und E262 auch in reinem Ge beobachtbar
sein sollten.
Tatsächlich wurde ein Wassersto-korrelierter Defekt E150 (Ec−0.31 eV) in n-Typ
Germanium beobachtet. Die Konzentration von E150 ist nach einer Wasserstoplasma-
Behandlung wesentlich höher als nach nasschemischen Ätzen. Es wird gezeigt, dass E150
ein einzelnes Wasserstoatom und ein noch unbekanntes Verunreinigungsatom enthält,
höchstwahrscheinlich Kohlensto, Sauersto oder Silizium. Damit ist E150 ein sehr wahr-
scheinlicher Kandidat für einen CH-Komplex in Germanium.
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Silicon is the most common material for semiconductor devices since the 1960's when it re-
placed germanium as the preferred material for integrated circuits [1]. It is also important
for photovoltaic applications, where it accounts for more than 93 % of the total produc-
tion of solar cells (2015) [2]. The performance of silicon devices is strongly aected by
the presence of defects, which can be benecial or detrimental. For example, passivating
defects can improve the interface quality by removing unwanted charge traps [3, 4], get-
tering defects can eciently reduce the bulk concentration of detrimental metal impurities
[5], and compensating defects are used to obtain semi-insulating material. On the other
hand, unintentionally introduced defects can reduce the minority carrier lifetime, increase
leakage currents, or reduce the service lifetime of the devices [6]. A thorough knowledge
of the properties of defects is therefore a key aspect for the improvement and evolution of
semiconductor devices.
One of the most abundant impurities in present-day silicon is carbon (C), which is
unintentionally introduced during crystal growth and originates from graphite components
in the crystal pulling machine. It is usually incorporated as substitutional defect (Cs)
in concentrations of 1015 − 1016 cm−3 and, since it is isoelectronic to the silicon host, it
is electrically neutral. The undesired eects of carbon impurities arise when it forms
electrically active complexes with other impurities, such as hydrogen (H). Hydrogen is
an common contamination that is introduced during many device processing steps in the
industry, where it is commonly used for the passivation of interface and surface states or
is part of the atmosphere in high-temperature treatments.
Historically, the rst indication that the interaction of hydrogen and carbon leads to
electrically active CH complexes in Si came from theory. Pantelides proposed that
trapping of hydrogen at group-IV impurities occurs in Si [7]. It was assumed that due to the
isoelectronic nature of carbon the resulting CH complex will reect the principle electronic
properties of isolated interstitial hydrogen, which forms a negative-U system. Interstitial
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hydrogen is thermally unstable at room temperature and trapping at a neutral carbon atom
was considered a possibility to overcome the experimental diculties in the investigation of
the properties of isolated interstitial hydrogen. Based on the current scientic knowledge,
theory predicts ve dierent congurations of the CH complex in Si (Fig. 1.1) [811]: The
CH1BC conguration, where H is located on a bond-centered position between C and a
neighboring Si atom, the CH2BC conguration, where H resides between two Si atoms
next to a C atom, the anti-bonding position of H at the C atom (CH1AB) and at the Si
atom (CH2AB), and the CHT conguration, where H sits on an interstitial position close
to carbon. Among these congurations, the bond-centered conguration is predicted to
be the most stable conguration for the positive and neutral charge state of H [8, 9, 11].















Figure 1.1: The congurations of H near substitutional carbon. The number on the hydrogen positions
counts the sites away from C, while the letters describe the type of the site.
Experimental evidence for the formation of electrically active CH complexes was rst
presented by Endrös [12, 13], who observed the donor level of a CH-related defect at
EC − 0.16 eV. Later, this level was attributed to the CH1BC conguration of the CH
complex [14]. However, this assignment is still controversial, since it is in disagreement
with the ndings of Andersen et al. [8] and Yoneta et al. [15], who came to the
conclusion that the level at EC − 0.16 eV should be assigned to the acceptor state of the
CH1BC conguration. In addition, several other CH-related defects were observed and
investigated after dierent methods of hydrogen introduction [8, 1622], but not all of
the observed levels could be correlated with a specic conguration of the CH complex.
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Therefore, part of this work is dedicated to solving the controversy of the charge state and
structure of the defect that gives rise to the level at EC − 0.16 eV and to shed light on the
origin of the other CH-related defects that were observed in n-type and p-type Si.
Despite the huge eort that has been invested in the study of the CH complex in silicon
no investigations of its properties in silicon-germanium alloys have been reported so far.
Silicon-germanium (Si1−xGex) alloys are promising candidates for the fabrication of high-
frequency and high-power heterojunction bipolar transistors, capacitors, and transmission
line elements [2325]. The technological interest of Si1−xGex is based on the ability to
engineer its electronic properties by varying the Ge content x. Due to dierent Si-Si and
Si-Ge bond lengths [26], the addition of Ge introduces stress into the Si lattice. This results
in changes of the average Si-Ge bond length with alloy composition [26, 27], which leads
to a reduction of the band gap and an enhancement of the hole mobility [28]. The change
of the band gap with Ge content is sketched in Fig. 1.2. The valence band is formed by
states at the Γ symmetry point and it increases in energy with larger Ge content [28, 29].
As in silicon, the conduction band is formed by states at the ∆ symmetry point, and it is
relatively constant in energy over a large range of x (0 ≤ x ≤ 0.5). At larger Ge fractions
(x > 0.8) the conduction band minimum is formed by states at the L point, which becomes
lower in energy with increasing Ge content.
Similar to pure silicon, carbon is also one of the most abundant impurities in Si1−xGex
alloys [30, 31]. The inuence of alloying onto the properties of the CH complex can be
expected to be twofold. On one hand, the change in the band gap parameters could lead
to a shift of the CH-related defect levels with respect to the band edges. Such a shift was
previously already observed for other carbon related defects (Ci, CiCs) [32, 33]. A change in
the band gap parameters could result in defect levels that are electrically active throughout
the whole composition range or only in parts of it. On the other hand, the presence of Ge
atoms in the nearest neighborhood of substitutional carbon can inuence the energy level
of individual CH complexes. This leads to the appearance of a ne structure of energy
levels that can be interpreted in terms of alloy splitting and that could give information
about the atomic structure of a defect. Similar eects are known for other substitutional
defects like Au, Pt, and Fe in Si1−xGex alloys [3436]. Part of this work will therefore cover
the eects of alloying that are observed for CH complexes in diluted Si1−xGex.
For the case of pure Ge only a few studies on CH-related defects are available in
the literature. An acceptor state of a CH-related defect was detected by Haller et al.
in 1980 using photothermal ionisation spectroscopy [37, 38], but no deep level transient
4 CHAPTER 1. INTRODUCTION



























Figure 1.2: The variation of the valence and conduction band with germanium content x in relaxed
Si1−xGex. The solid lines were calculated from pseudopotential band structure calculations and are taken
from Ref. [28].
spectroscopy (DLTS) studies of CH have been reported so far. This may be related to
the fact that the reported solubility limit of substitutional carbon in Ge is very low, and,
therefore, carbon is often excluded from the interpretation of experimental results. The
reason for this very low solubility is the C-Ge bond length of 2.05 Å, which is much shorter
than the Ge-Ge bond length of 2.45 Å [39]. This imposes a signicant strain on the
lattice around substitutional carbon and increases its formation energy. The strain can
be released by the formation of interstitial (Ci) or interstitial-substitutional (CiCs) carbon
defects, which are also known to occur in pure Si [40, 41]. Indeed, the reported solubility
of carbon in Ge is about about 108 cm−3 [39, 42]. However, these measurements were
performed in the range of 2800 ◦C and 3200 ◦C and extrapolated to the melting point of
Ge (937 ◦C). This leads to a very large error in the solubility limit. In a dierent approach,
Haller et al. used a radioactive 14C tracer to determine the carbon incorporation into
the growing Ge crystal, and total carbon concentrations of about 1014 cm−3 were found
[37, 38]. This value is still smaller than the carbon concentrations that are commonly found
in silicon (∼ 1015 cm−3), but if at least 1011 cm−3 of these carbon atoms are substitutional
and electrically activated by indiusing hydrogen it could be possible to detect them with
DLTS. Therefore, the last part of this work will cover the investigation of hydrogen related
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defects that could possibly be linked to CH complexes in Ge.
This thesis is structured as follows: Chapter 2 gives the theoretical background that is
necessary to understand the physical phenomena that are discussed in this work. Chap-
ter 3 introduces the measurement techniques that were utilized to investigate the electrical
properties of defects. Following, in Chap. 4, the sample preparation techniques are ex-
plained and an overview over the investigated samples is given. In Chap. 5 the results
on CH related complexes in Si are presented. The inuence of alloying with Ge onto the
properties of these CH complexes is investigated in Chap. 6. Chapter 7 gives the results
obtained for hydrogen-related defects in pure Ge. The thesis concludes with Chap. 8, which
summarizes the obtained results.
6 CHAPTER 1. INTRODUCTION
2 Theoretical background
This chapter provides the theoretical background of the physical phenomena that are dis-
cussed in this thesis. It starts with an introduction of deep states in semiconductors
(Sec. 2.1) followed by a discussion of the capture and emission processes from deep states
(Sec. 2.2). The time dependence of the trap occupancy after pertubations from thermal
equilibrium is considered in Sec. 2.3. In the last section, the inuence of an external electric
eld onto the emission characteristics is discussed for dierently charged defects.
2.1 Deep states in semiconductors
A crystalline semiconductor can be described by an arrangement of atoms which obeys
a strict translational symmetry. The symmetry is dened by a set of basis vectors ai
(i = 1, 2, 3) such that the lattice is invariant under discrete translations of the kind
r′ = r+ n1a1 + n2a2 + n3a3 . (2.1)
Here, n1, n2, and n3 are arbitrary integers and r and r′ are two points in space. Any devia-
tion from this symmetry is called a defect. They can be categorized into dierent groups in
many ways. One possibility to classify them is by their dimensionality. Zero-dimensional
point defects are conned at or around a single lattice point and typically involve only a
few atoms or vacancies. One-dimensional defects like dislocations, two-dimensional defects
like grain-boundaries, or three-dimensional defects like voids or precipitates are extended
defects that can reach macroscopic sizes. Strictly speaking, the crystal surface is also a
two-dimensional defect, because it breaks the translational symmetry of the lattice. An-
other possibility to categorize the defects is by their chemical nature. Atoms of a dierent
kind than that of the host lattice are called extrinsic defects, while displaced or missing
atoms of the host lattice are called intrinsic defects. Examples for the latter ones are va-
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cancies, where a host atom is missing, self-interstitials, where atoms occupy sites in the
lattice that are not intended to be occupied, Frenkel-pairs, that are vacancy-interstitial
paris, and antisites, where in compound materials atoms of dierent type exchange their
positions. Complexes can also be formed between dierent kinds of extrinsic and intrinsic
defects, e. g., vacancy-impurity complexes.
A third categorization that is widely used throughout this work divides the defects
into shallow and deep defects. Defects are called shallow when they can be described
in the framework of an eective-mass theory [43]. They can either donate electrons to
the conduction band (donors) or holes to the valence band (acceptors) and determine the
conduction type. Semiconductors that are doped with donors are called n-type, and those
that are doped with acceptors are called p-type. In the absence of any donors and acceptors
or if their concentration equals each other the semiconductor is called intrinsic. This means
that only charge carriers which are thermally excited over the band gap contribute to the
conduction.
In contrast to shallow defects, the electrons at deep defects are more localized and,
therefore, their energy levels are dominated by the central-cell potential [44]. The spatial
connement of the electrons causes an expansion in the reciprocal k -space. This leads to an
enhanced recombination eciency which makes deep levels a particularly important issue
for device manufacturing. Some deep defects can exist in multiple charge states, which
results in multiple energy levels in the band gap. Because of the Coulombic interaction
between the defect and the emitted electron the ionization of an electron from a negatively
charged defect requires less energy than the ionization from a neutral or positively charged
defect. This gives rise to a sequence of levels, as illustrated in Fig. 2.1. The notation refers
to the charge state of the defect before and after the emission of an electron. The levels
(− − /−), (−/0), (0/+), and (+/ + +) are also called double acceptor, single acceptor,
single donor, and double donor level, respectively. The depicted order represents a so-called
positive-U system, with the electron correlation energy U . This energy is dened as the
energy dierence between the (−/0) and the (0/+) level. However, lattice relaxations can
lower the position of the energy levels of a defect in the band gap, and they also can ip










Figure 2.1: A sketch of the energy levels of a defect in dierent charge states.
2.2 Capture and emission from deep states
In this section electron transitions between the conduction or valence band and the defect
levels are discussed in detail. For every level in the band gap four processes determine
the dynamic electronic behavior: electron capture from the conduction band, hole capture
from the valence band, electron emission into the conduction band, and hole emission into
the valence band. These processes are characterized by the corresponding capture and
emission rates cn, cp, en, and ep, where the subscripts n and p denote electron and hole
processes, respectively. A sketch of these processes is shown in Fig. 2.2. Using these rates,




= (cn + ep) (Nt − nt)− (en + cp)nt (2.2)
where Nt is the total concentration of the traps.
The capture rate is given by the product of the capture cross section σ, which represents
the probability of an interaction, and the number of charge carriers available for capture
per unit time. In the case of electrons this number is given by the product of the electron
density n and the average thermal velocity ⟨vn⟩, so that one can write the electron capture
as
cn = σn ⟨vn⟩n (2.3)
and the hole capture rate as
cp = σp ⟨vp⟩ p . (2.4)








Figure 2.2: A sketch of the carrier capture and emission processes for a trap with an energy level Et.
The four possible capture and emission processes are shown.
The emission rate can be obtained by considering the occupancy of a trap in thermal
equilibrium. In this state, the emission and capture processes must satisfy the principle of
detailed balance, which means that both processes have to be in balance for electrons and
holes separately. This requires that
ennt = cn (Nt − nt) (2.5)
and
ep (Nt − nt) = cpnt (2.6)
are both fullled. From these expressions the equation of the thermal equilibrium occu-










The thermal equilibrium occupancy can be also described by the generalized Fermi-














Here, EF is the Fermi level, Et is the energy of the defect level, T is the temperature of
the system, and g0 and g1 are the degeneracies in the emtpy and lled state, respectively.
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A similar expression can be obtained for the emission of holes. In most cases one can
assume g0/g1 ≈ 1, which means that if the Fermi level EF is above the trap level Et the
capture rate cn > en and ep > cp and, therefore, the state is occupied with electrons. In
the opposite case, when the Fermi level is below the trap level, cn < en and ep < cp, so the
trap is empty.
In the following part of this section only electron processes will be discussed because
the electron and hole processes are independent, but the equations for the hole processes
can be derived analogously.
The expression for the emission rate of electrons, as derived in Eq. (2.9), depends on the
Fermi level. To derive a more general expression one has to consider the electron density
in a semiconductor, which is described in the Boltzmann approximation by






Here, Ec is the energy of the conduction band edge and Nc is the eective density of states
in the conduction band. By combining Eq. (2.3), (2.9), and (2.10) the general expression
for the temperature dependent emission rate can be written as


























where m∗th is the thermal velocity eective mass in the conduction band, Mc is the number
of conduction band minima, and h is Planck's constant [6, 46]. If one also considers a
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possible temperature dependence of the capture cross section of the form






with a capture barrier ∆Eσ, the equation for the temperature dependent emission rate can
be written as












−3 is a material constant, σna =
g0
g1
σ∞ is the so-called apparent
capture cross section, and Ena = Ec −Et +∆Eσ is the activation energy of the trap level.
For n- and p-type silicon and diluted Si1−xGex alloys γ = 6.21× 1021 s−1cm−1K−2 and γ =
9.44× 1021 s−1cm−1K−2, respectively. For n-type germanium γ = 5.65× 1021 s−1cm−1K−2
[6, 4648].The activation energy and apparent capture cross section of a defect can be
found by measuring the emission rate as a function of temperature. Then, a plot of the
logarithm of en(T )/T 2 versus 1/kT gives a straight line with a slope Ena and an intercept
proportional to σna.
However, it should be mentioned that the measured activation energy Ena is not the
same as the energy level Ec−Et of the trap [6]. Generally, the energy level Et of a defect is
dened as the energy that is required to excite an electron or hole from this state. However,
in experiments that measure the thermal emission rate as a function of temperature one or
both of the energy dierences (Ec − Et) and (Et − Ev) could also change with temperature,
because the band gap is a temperature dependent quantity. Therefore, it is necessary to
analyze the thermodynamics more carefully in order to interpret the measured activation
energy Ena correctly. Strictly speaking, the band diagram is the representation of the Gibbs
free energy G of an electron-hole pair at constant temperature and pressure. Therefore,
according to the denition of Engström et al. [49], the thermal emission rate of carriers
from deep states at a temperature T is







Here, ∆G is the change in the Gibbs free energy that is associated with the ionization of
the defect. This energy dierence equals the energy separation from the appropriate band
edge at a given temperature T , i. e.
∆G(T ) = Ec(T )− Et(T ) . (2.17)
13
∆G(T ) is related to the change in enthalpy ∆H and entropy ∆S by the identity
∆G(T ) = ∆H − T∆S . (2.18)
By substituting ∆G(T ) in Eq. (2.16) with Eq. (2.18), the expression for the temperature
dependent emission rate becomes






Therefore, the quantity that is determined by electrical measurements is actually an en-
thalpy. From the measured activation enthalpy ∆G can be calculated from Eq. (2.18).
However, in the temperature range that is investigated in the present work the band gap of
silicon is only slightly dependent on the temperature. It changes by less than 4 % between
40− 300 K [50]. For this reason, the dierence between ∆G and ∆H is negligibly small
and the obtained activation enthalpy is identical to the energy level of the defect. A more
detailed discussion of defect thermodynamics can be found in Chap. 8 in Ref. [6].
2.3 Nonequilibrium behavior
In the previous section the occupancy of a deep level was discussed for the case of thermal
equilibrium (see Eq. (2.7) and (2.8)). In this section, the eects of deviations from the
thermal equilibrium are discussed and an expression for the time dependence of the trap
occupancy is derived.
By introducing prefactors a = cn + ep and b = cp + en Eq. (2.2) can be written in a
more convenient way as
dnt
dt
= a (Nt − nt)− bnt . (2.20)










exp [− (a+ b) t] . (2.21)






With this result, the time dependence of the trap occupancy can be expressed in terms of
the initial occupancy nt(0) and the equilibrium value nt(∞) as
nt(t) = nt(∞)− {nt(∞)− nt(0)} exp (−t/τ) (2.23)
where τ is a time constant given by
τ−1 = (a+ b) = en + cn + ep + cp . (2.24)
Equation (2.23) illustrates that if the steady state trap occupancy nt(∞) is perturbed,
the system exponentially relaxes back to the equilibrium state with a rate constant (a+ b).
Two particular initial states are relevant for the measurement techniques used in the present



















and nt(t) decreases. The time dependence of the Eq. (2.25) and (2.26) is depicted in
Fig. 2.3. Equation (2.26) can be further simplied if one assumes that no free carriers are
available for capture (cn = 0). Then it follows that a = 0 and b = en and one can write
nt(t) = Nt exp (−ent) . (2.27)
The equation above describes the time dependence of the occupancy of a deep level in
the depletion region of a diode. The dynamic behavior of nt is solely determined by the
emission rate en of the defect, which depends on the temperature, some material constants,
and properties of the defect (see Eq. (2.19)). Therefore, by measuring the trap occupancy
nt as a function of time and temperature it is possible to determine the activation enthalpy
of defect level in the band gap.
The presence of an external electric eld can inuence the defect potential and change
the emission properties of the trap. Therefore, this inuence needs to be accounted for in











Figure 2.3: The time dependence of the occupancy of a trap in n-type material, according to Eq. (2.25)
and (2.26), respectively.
2.4 Electric eld dependent carrier emission
The application of electric elds can inuence the emission properties of deep centers by
lowering the barrier for the emission process or by enhancing the tunneling probability of
the charge carriers. In both cases, the emission rate enhances under the inuence of an
electric eld. In the following, some models are discussed which can be used to describe the
dependence of the emission rate on the electric eld and which can be used to determine
the charge state of the defect.
A single donor level, which is positively charged after electron emission, exhibits an at-
tractive Coulomb potential. The lowering of this Coulombic barrier by an external electric
eld is described by the Poole-Frenkel model (Fig. 2.4 (a)). The eld dependence in
the 1D-case was derived by Frenkel [51, 52] and is given by
en(E) = en0 exp (β
√
E/2kT ) . (2.28)
Here, en0 is the emission rate under zero eld conditions, β = (e3/πϵrϵ0)
1/2, e is the electric
charge, and ϵr and ϵ0 are the relative and the vacuum permittivity, respectively. An
extension of this model to the 3D-case was derived by Hartke [52], who calculated the
emission rate enhancement under the assumption of a spherical potential. In this model,
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Figure 2.4: Defect potentials for charged (a) and neutral centers (b). In the undisturbed case, an energy
Et is necessary to ionize the defect. In the presence of an electric eld, this energy is reduced to Et − δEt.
b describes the radius of the potential.
the increase in the emission rate is described by
en(E) = en0
[




with ω = β
√
E/kT . The dierence between both models becomes more apparent at lower
temperatures, whereas for higher temperatures both models yield a similar enhancement.
In contrast, a single acceptor level, which is neutral after electron emission, can be
described by a square-well potential (Fig. 2.4 (b)). For the 3D-case, the equation that
describes the emission rate enhancement was also derived by Hartke [52] and is given by
en(E) = en0
[




where γ = e b/k T and b describes the radius of the defect potential. The emission rate
enhancement for a defect with a square-well potential is smaller as compared to a defect
with a Coulombic potential. Therefore, the dierent eld dependence of en(E) can be used
to distinguish between donor and acceptor states.
However, this dierentiation is not unambiguous. While the observation of the Poole-
Frenkel eect clearly demonstrates the presence of an attractive Coulomb potential, the
absence of this eect does not necessarily prove the opposite. Buchwald et al. demon-
























Figure 2.5: (a) The eect of an external electric eld on the defect potential in the presence of a short-
range barrier. The dashed and solid lines show the defect potential with and without an applied external
eld, respectively. For comparison, the eects of an external electric eld on the defect potential without
a short-range barrier are shown as dotted lines. δEt,PF is the barrier lowering without the short-range
potential, δEt,BW is the barrier lowering with the short-range potential. (b) Phonon-assisted tunneling
and direct tunneling processes for potential barriers of charged (solid) and neutral (dashed) defects.
ing of the Poole-Frenkel eect [53] (Fig. 2.5 (a)). The barrier can, e. g., originate from
electron capture processes that involve multiphonon emission [54] and its presence can be
experimentally veried by the observation of a thermally activated capture cross section.
The enhancement of the emission rate in the presence of such a barrier can be described
by
en(E) = en0 exp
([





Here, U0 is the barrier height, x0 is the position of the peak in the absence of other







Equation (2.31) can also be used to describe the emission rate enhancement in the case of a
doubly charged acceptor, where the barrier arises from the repulsive Coulombic interaction
between the emitted electron and the negatively charged center.
At suciently high electric eld strengths phonon-assisted tunneling and direct tunnel-
ing of the electrons through the barrier become dominant (Fig. 2.5 (b)). Both processes
are possible for defects in all charge states. In comparison to phonon assisted tunnel-
ing, the direct tunneling requires stronger elds due to the larger tunneling distance at
the ground state energy. The eld dependence of the emission rate enhancement due to
phonon-assisted tunneling was derived by Karpus and Perel in a semiclassical theory
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[55] and is given by












± τ1 . (2.33)
The time constant τ1 is on the order of the inverse local impurity vibration frequency and
the plus and minus signs correspond to the adiabatic potential structures of substitutional
impurities and autolocalized centers, respectively [56].
3 Measurement Techniques
In this chapter, the measurement techniques that are used in this work are described. These
techniques are based on the investigation of diode structures to obtain information on the
electrical properties of defects in semiconductors. Throughout this work, Schottky diodes
are used for this purpose. Therefore, they are introduced at rst in Sec. 3.1. Following in
Sec. 3.2, the concept of the depletion layer capacitance of a Schottky diode is discussed.
The deep level transient spectroscopy technique (DLTS), the Laplace DLTS technique, and
the minority carrier transient spectroscopy technique (MCTS) are introduced in Sec. 3.3,
3.4, and 3.5, respectively. A method to obtain the capture cross section of a defect is
described in Sec. 3.6. Section 3.7 covers the application of DLTS and Laplace DLTS to
determine the depth prole of deep states. A method to derive the number of hydrogen
atoms in impurity-hydrogen complexes from the recorded depth proles is briey discussed
in Sec. 3.8. More detailed information about the techniques that are presented in this
chapter are collected in Refs. [6, 5760].
3.1 Schottky diodes
A Schottky diode is a metal-semiconductor contact that exhibits a rectifying behavior and
possesses an energy barrier φB between the semiconductor and the metal. The height of
this barrier is predicted by the Schottky model to be approximately equal to the dierence
of the metal work function φm and the electron anity of the semiconductor χs
φb ≈ φm − χs . (3.1)
For the formation of a barrier φm > χs is required, otherwise an ohmic contact is formed.
Figure 3.1 shows the energy band diagram of a Schottky contact on a n-type semiconductor.























Figure 3.1: The energy band diagram of a Schottky diode in a n-type semiconductor. The highly resistive
depletion region extends to a depth xd.
which results in a band bending in the semiconductor. The energy bands in the metal
are also bent, but because of the high free electron density in the metal this bending is
negligibly small compared to that in the semiconductor. At the interface, the vacuum
levels of the metal and the semiconductor coincide and the step between the metal Fermi
level and the conduction band of the semiconductor results in the barrier φB. The zero
bias band bending, or build-in voltage Vb, can be calculated from
eVb = φb − (Ec − EF ) (3.2)
where Ec is the energy of the conduction band edge. If an external bias is applied to
the diode the total band bending V is the sum of the build-in voltage Vb and the applied
bias Vr. This potential creates a depletion region near the interface that is empty of free
electrons and contains a distribution of xed ionized donors. The depth xd of the depletion








with ρ(x) = −eNd(x). The twofold integration of Eq. (3.3) gives an expression which
determines xd




xNd(x) dx . (3.4)










Similar to a parallel plate capacitor the depletion layer of a Schottky diode has a ca-
pacitance, because two layers of conductive material (metal and bulk semiconductor) are
separated by a highly resistive region (depletion layer). The small signal capacitance of a
Schottky diode is dened as the increase in xed space charge per unit area ∆Q when the
bias is increased by an amount ∆V , i. e.










Here, A is the diode area. Under the assumption that charge uctuations occur only at
the depletion layer edge, the increment in space charge per unit area dQ can be calculated
from the distribution of the xed ionized donors at xd by
dQ = −eNd(xd) dxd . (3.7)
The increment dV follows from the dierential limit of Eq. (3.4), which is given by
dV = − e
ϵϵ0
xdNd(xd) dxd . (3.8)









This result shows that the capacitance of the depletion layer is identical to the capacitance
of two parallel plates at distance xd which contain a dielectric with a relative permittivity
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ϵ. It is further independent of the charge distribution inside the depletion layer. However,
in contrast to a parallel plate capacitor the capacitance of a Schottky diode is a function
of the applied voltage. This dependence can be used to measure the depth distribution of







Here, Nd is the mean net doping concentration between x = 0 and x = xd, because Eq. (3.5)
was derived for the case of homogeneously doped material. However, a plot of C−2 versus
the applied bias V gives a curve with a local slope dC−2/dV that is proportional to the









This equation allows the measurement of the depth distribution of the net free carrier
concentration. An example of this method is presented in Fig. 3.2. Figure 3.2 (a) shows
the result of a C(V ) measurement on a Schottky diode on p-type Si (solid line) together
with the corresponding C−2 plot (dashed line). From this, the net doping density Nd(x)
(Fig. 3.2 (b)) is calculated with Eq. (3.9) and (3.11).























































Figure 3.2: (a) The experimental results of a C(V ) measurement and the corresponding C−2 plot. (b)
The depth prole that is obtained from (a) with Eq. (3.9) and (3.11) and A = 7 mm2.
23
3.3 Deep Level Transient Spectroscopy
Deep level transient spectroscopy (DLTS) is an electrical characterization method that
allows the determination of the electrical properties of deep traps. It was introduced by
D. V. Lang in 1974 [58] and it is based on the analysis of the depletion layer capacitance
of a reverse biased diode while scanning the temperature.
Figure 3.3 shows the band diagram of a Schottky diode without and with an applied
reverse bias. Without reverse bias the depletion layer of a Schottky diode extends to a
depth x0. The deep states in the neutral region x > x0 are occupied with electrons, since
EF > Et (see Eq. (2.9)). If a reverse bias is applied to the diode the depletion region
increases to a depth xd, which prevents the electron capture in this range and empties the
deep traps by thermal emission. The increasing positive space charge leads to an increase
of the capacitance C(t) at a xed bias due to the accompanied contraction of the depletion

























Figure 3.3: The band diagram of a Schottky diode without (a) and with (b) applied reverse bias. λ is a
transition region where the Nt traps are only partially occupied.
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A DLTS scan is performed by measuring the dierence of the capacitance C(t) at times
t1 and t2 after a lling pulse was applied to the diode while scanning the temperature. This
way, three situations can occur. Firstly, when a trap emits its electrons with an emission
rate en ≫ (t2− t1)−1, all traps are already empty at time t1 and no capacitance change can
be observed. Secondly, when the emission rate of a trap en ≪ (t2 − t1)−1 the capacitance
also does not change within ∆t = t2 − t1. Only when the time constant of the capacitance
transient τ is close to the rate window ∆t−1 a change in the capacitance can be detected
(Fig. 3.4). If C(t2) − C(t1) is plotted against the temperature peaks appear in the DLTS
spectrum at temperatures that are characteristic for each trap. The height of the peaks
is proportional to the trap concentration, the sign of each peak is determined by whether
it originates from a majority-carrier or a minority-carrier trap, and the temperature at
which the peak occurs is correlated with the activation enthalpy of the trap. In this work
the DLTS peaks are labeled with E or H for electron and hole traps, respectively, followed
by the temperature at which the peak appears in the DLTS spectrum recorded with an








































Figure 3.4: Capacitance transients at dierent temperatures are measured at t1 and t2 (left). The
dierence C(t2)− C(t1) is plotted against the temperature to obtain a DLTS spectrum (right).
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Under the assumption that Nt ≪ Nd the time dependence of the capacitance transient






with the change in the capacitance after the lling pulse ∆C(t) = C(t) − C(∞), the sat-
uration capacitance C(∞), the total trap concentration Nt, and the dopant concentration
Nd [6]. Equation 3.12 shows that the time constant of the capacitance transient equals
the thermal emission rate en of the trap. The trap concentration is proportional to the





However, Eq. (3.13) can be only applied if all traps at x < xd are lled by the lling pulse
(see Fig. 3.3). Usually, this is not the case. In general, one has to consider that traps at
x < x0−λ are never completely lled and traps at x > xd−λ are never completely empty.
The region where the Nt traps are only partially lled is called the transition layer λ, or









With x1 = xd−λ and x2 = x0−λ the modied equation for the trap concentration, which









If the assumption Nt ≪ Nd is not fullled the depletion width xd changes signicantly
during the electron emission, because the contribution of the Nt traps to the total space
charge is no longer negligible. This leads to non-exponential transients and capture rates
that depend on the applied reverse bias [61]. In this case, the constant-capacitance DLTS
technique is more suitable. It is described in detail in Ref. [62].
The equations above are derived under the assumption that the capture rate cn is much
faster than the emission rate en, so that all traps in the range between x0 − λ and xd − λ
become occupied during the lling pulse time. However, if the capture rate is comparable
with the emission rate, the trap concentration Nt in Eq. (3.12), (3.13), and (3.15) has to
be replaced by Nt cn/(cn + en) (see Eq. (2.7)).
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3.4 Laplace DLTS
The DLTS system that was used in this work utilizes a lock-in amplier to measure the
capacitance signal. Such systems usually can only distinguish transients with an emission
rate ratio of e1/e2 ∼ 12 to 15 [59]. Therefore, two defects with similar capture cross sections
can be only separated if their activation enthalpy diers by more than
∆H = kT ln (12) . (3.16)
At 300 K this corresponds to a minimum activation enthalpy dierence of ≈ 64 meV. A
higher energy resolution can be obtained by evaluating the capacitance transient at more
than two points. This is achieved by the Laplace DLTS technique (LDLTS), which was in-
troduced by Dobaczewski [63]. Here, the capacitance transient is digitized at a constant
temperature and tted with exponential functions via a reverse Laplace transformation.
As a result, a Laplace DLTS spectrum is obtained where peaks indicate the presence of
deep traps with an emission rate equal to the peak position and a concentration propor-
tional to the peak area. The energy resolution of the Laplace DLTS spectra depends on the
signal-to-noise ratio (SNR) of the capacitance transient. For a SNR of 103 signals of similar
intensity and an emission rate ratio of 2 can be distinguished [59]. According to Eq. (3.16)
this corresponds to an activation enthalpy dierence of ≈ 18 meV at 300 K. An example
of a Laplace DLTS measurement is presented in Fig. 3.5. Shown is the conventional DLTS
spectrum of a hydrogenated Si1−xGex sample with x = 0.011 (Fig. 3.5 (a)) and a Laplace
DLTS spectrum recorded at 265 K (Fig. 3.5 (b)). In the DLTS spectrum only one peak is
observed at a temperature of 260 K, while in the Laplace DLTS spectrum two peaks with
an emission rate ratio of about 4 are resolved.
The high energy resolution of the Laplace DLTS technique makes it susceptible to
the injection of articial signals. For example, the deep traps in the depletion region at
x < xd−λ (compare Fig. 3.3) are emptied by thermal emission with a rate en. In contrast,
the equilibrium occupation of the traps in the lambda layer is achieved faster, because of
the nonzero capture rate near the depletion edge (Eq. (2.21)). These traps could generate
Laplace DLTS peaks that could be wrongly interpreted as another defect. Similar artifacts
can be caused by spurious signals from the contact region and by drift in the electronics.
To exclude these inuences, Lefèvre and Schulz proposed to subtract two transients
that were recorded with the same reverse bias but dierent lling pulse biases VP1 and VP2
[64] (Fig. 3.6). By this double correlation DLTS (DDLTS), constant eects that contribute
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to both capacitance transients are eliminated. In addition, the lling pulses can be chosen
such that all traps in the observation window x(VP1) − x(VP2) are exposed to the same
electric eld during emission, which allows the precise determination of the eld eect of a
trap. All Laplace DLTS measurements in this work were performed with two lling pulses.






































T = 265 K
Figure 3.5: (a) The conventional DLTS spectrum recorded in a hydrogenated n-type Si1−xGex sample










   window
Figure 3.6: Illustration of the observation window that is obtained by subtracting two capacitance
transients with dierent lling pulses VP1 and VP2.
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3.5 Minority Carrier Transient Spectroscopy
The conventional DLTS technique can only detect defects that are located in one half of
the band gap, i. e. the upper half in n-type semiconductors and the lower half in p-type
semiconductors. To investigate defects that are located in the other part of the band gap
the minority carrier transient spectroscopy (MCTS) can be used. This technique utilizes
light pulses to inject minority carriers into the depletion region.
For an MCTS measurement the Schottky diode is kept under a constant reverse bias.
The illumination with light with an energy Eγ = hc/λ > Eg creates electron-hole pairs.
The minority carriers that drift into the depletion region of the Schottky diode are pulled
towards the surface and ll the minority carrier traps, while the majority carriers are
repelled. This process is illustrated in Fig. 3.7. When the illumination is turned o, the











Figure 3.7: The lling of minority carrier traps by illumination of the diode with band gap light.
The minority carrier injection can be performed either by illuminating the front side or
the back side of the sample. Illumination from the front side has the drawback that majority
carriers are also created in the depletion region. In this case, the MCTS spectrum consists
of a superposition of majority and minority carrier peaks. In addition, interface states
between the metal and the semiconductor can also contribute to the capacitance changes
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after illumination. By illuminating the sample from the back side these problems can be
avoided, because only minority carriers are injected into the depletion layer. However, in
this case the limiting factor is the diusion length of the minority carriers, which should be
larger than the sample thickness. For the indirect band gap semiconductor Si, it is benecial
to use light with an energy just above the band gap. Due to the small absorption coecient
at this energy the penetration depth is larger and the minority carriers are generated closer
to the depletion layer edge. Also, less energy is transformed into heat and, therefore, the
thermal background in the MCTS spectrum is reduced. For this reasons, the MCTS spectra
in this work were obtained by illumination from the backside of the sample.
3.6 Direct capture measurements
The apparent capture cross sections σna, that are determined from Arrhenius plots by
Eq. (2.15), do not take into account the entropy changes that are associated with the
carrier emission (see Eq. (2.18)). The entropy changes can be taken into account by directly
measuring the capture cross section with the lling pulse method [60]. The measurements
are carried out by keeping a diode at constant reverse bias at a xed temperature, so that
the traps are emptied by thermal emission. Then, the traps are lled by a lling pulse of
width tp. In this case, cn ≫ en, ep, cp and with Eq. (2.25) it follows that
nt(t) = Nt (1− exp (−cnt)) . (3.17)
Complete trap lling is achieved for lling pulse widths of tp ≫ c−1n , which corresponds
to a saturated DLTS signal (∆Cmax ∝ Nt). Partial trap lling occurs for tp ≈ c−1n , which
corresponds to an unsaturated DLTS signal (∆C(tp) ∝ nt(tp)). Thus, by substituting Nt






= cntp = σn ⟨vn⟩n tp . (3.18)
By plotting ln ((∆Cmax −∆C(tp)) /∆Cmax) versus the lling pulse width tp the direct cap-
ture cross section σn can be obtained from the slope of the data points. Measurements
of σn at dierent temperatures allow the determination of the capture barrier ∆Eσ with
Eq. (2.14).
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3.7 Depth proling
Depth proles of deep traps can be obtained by performing several Laplace DLTS mea-
surements and shifting the probed region for each measurement. The trap concentration is
calculated from the Laplace DLTS signal by Eq. (3.15), which also considers the inuence
of the lambda layer. The net carrier concentration Nd in Eq. (3.15) is obtained from C-V
measurements. The depth of the probed region is shifted by λ with respect to the deple-
tion layer edge. Therefore, the lambda layer width has to be subtracted from the depth
calculated from the C-V prole in order to obtain correct depth proles.
3.8 Number of hydrogen atoms in hydrogen complexes
The depth proles can be analyzed to get information about the composition of a defect.
The number of hydrogen atoms in hydrogen-impurity complexes can be obtained from the
measured concentration depth proles if the samples are hydrogenated by wet chemical
etching. Feliksova and Yarykin [57] showed that in this case the decrease of the trap
concentration towards the bulk depends on the number of hydrogen atoms in the complexes.
Therefore, by comparison of the concentration depth proles of dierent hydrogen-impurity
complexes, defects that contain dierent amounts of hydrogen can be distinguished.
Under the assumption that the introduced hydrogen is mobile until it gets trapped by












Here, D is the diusion coecient, τ is the lifetime of the mobile hydrogen species, and V
is the velocity of the moving crystal surface during etching. If the coecients are constant,
the quasistationary solution of Eq. (3.19) can be written as
[H] = H0 exp (−x/L) (3.20)

















Each complex that contains hydrogen is formed by the reaction AHi−1+H = AHi. The







+ 4πD (ri−1[AHi−1]− ri[AHi]) [H] (3.22)
with i = 1, 2, ... hydrogen atoms in the complex and the hydrogen capture radius ri. This
equation can be further simplied if one considers the situation at large depths, where the
hydrogen concentration is small compared to the concentration of hydrogen traps. In this
case, the concentration of empty traps [AH0] can be assumed to be constant. In addition,
the relation [AHi−1] ≫ [AHi] is also valid for i = 1, 2, ..., so the term ri[AHi] in Eq. (3.22)




exp (−x/L) . (3.23)
The solution for an arbitrary number i of hydrogen atoms takes the form
[AHi] ∝ exp (−ix/L) . (3.24)
This result shows that under the condition [AH0] ≫ [H] the concentration of hydrogen
complexes shows an exponentially decreasing prole towards the bulk of the material and
the characteristic penetration depth is inversely proportional to the number of hydrogen
atoms in the complex. The method presented here is widely used in the present study to
analyze the composition of H-related complexes.
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4 Experimental details
4.1 Investigated samples
For the investigation of carbon related defects in Si, Si1−xGex alloys, and Ge both n-type
and p-type samples grown by the Float-Zone (FZ) or Czochralski (CZ) technique were
used. The dopants, their concentrations, and the concentrations of oxygen and carbon in
these samples are listed in Tab. 4.1-4.4. The silicon samples were obtained from dierent
vendors. The silicon-germanium samples were kindly supplied by N. V. Abrosimov [65]
from the Leibniz Institute for Crystal Growth, Berlin. The germanium samples were grown
by Umicore, Belgium [66].
Label Dopant Nd [C] [O]
cm−3 cm−3 cm−3
FZ-1 P 1× 1015 5× 1015 5× 1015
FZ-2 P 1× 1016 < 1× 1015 5× 1015
FZ-3 P 1× 1014 1× 1015 1× 1015
FZ-4 P 5× 1015 1× 1015 1× 1015
FZ-5 P 4× 1014 1× 1015 1× 1015
FZ-6 P 7× 1014 5× 1015 < 1× 1016
FZ-7 P 2× 1013 1× 1015 1× 1015
FZ-8 B 1× 1015 5× 1015 5× 1015
Table 4.1: FZ Si samples used in this work.
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Label Dopant Nd [C] [O]
cm−3 cm−3 cm−3
CZ-1 P 5× 1015 4× 1017 7× 1017
CZ-2 P 1× 1015 5× 1015 1× 1018
CZ-3 P 1× 1014 5× 1015 1× 1018
CZ-4 P 5× 1014 5× 1015 6× 1017
CZ-5 P 9× 1014 8× 1016 3× 1017
CZ-6 As 9× 1014 5× 1015 4× 1017
CZ-7 Sb 1× 1015 5× 1015 4× 1017
CZ-8 B 1× 1015 6× 1017 7× 1017
CZ-9 B 2× 1015 1× 1015 3× 1017
Table 4.2: CZ Si samples used in this work.
Label Dopant Ge Nd [C] [O]
content cm−3 cm−3 cm−3
SiGe-1 P 0.011 5× 1014 2× 1016 1× 1018
SiGe-2 P 0.026 1× 1015 2× 1016 1× 1018
SiGe-3 P 0.045 3× 1015 2× 1016 1× 1018
SiGe-4 P 0.018 1× 1015 6× 1016 1× 1017
SiGe-5 B 0.011 2× 1015 2× 1016 1× 1018
SiGe-6 B 0.046 3× 1014 2× 1016 1× 1018
SIGe-7 B 0.070 1× 1015 2× 1016 1× 1018
Table 4.3: Si1−xGex samples used in this work.
Label Dopant Nd [C] [O]
cm−3 cm−3 cm−3
Ge-1 Sb 9× 1014 < 1× 1015 ≈ 1× 1016
Ge-2 P 1× 1015 < 1× 1015 ≈ 1× 1016
Ge-3 P 5× 1013 < 1× 1015 ≈ 1× 1016
Ge-4 Ga 8× 1014 < 1× 1015 ≈ 1× 1016
Table 4.4: Ge samples used in this work.
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4.2 Sample preparation
The samples were cut from the wafers and cleaned with acetone and de-ionized water. The
native oxide was removed by a 10 s HF dip. Hydrogen was introduced either by a remote
dc hydrogen plasma at temperatures between 313 K and 373 K or by wet chemical etching
at room temperature in a solution composed of HNO3 : HF : CH3COOH with a volume
ratio of 5 : 3 : 3 (CP4A). The plasma setup used an ignition voltage of 1 kV to produce the
hydrogen plasma (pH1.5 mbar) and an accelerating voltage of 300 V. The Ge samples were
etched in HNO3 : HF (5 : 3), which has a higher etching rate as compared to CP4A. After
the hydrogen introduction the samples were dipped in HF for 10 s and Schottky contacts
were formed by thermal evaporation of gold (n-type) or aluminum (p-type) in vacuum onto
the polished side of the sample. Ohmic contacts were formed by rubbing the backside of
the sample with an eutectic InGa alloy. The quality of the Schottky and ohmic contacts
was checked by current-voltage (IV ) and capacitance-voltage (CV ) measurements in the
range of 40− 300 K. CV measurements were performed at 1 MHz with a Boonton 7200
capacitance meter. Conventional DLTS, MCTS and high-resolution Laplace DLTS with
two lling pulses were used to investigate the electrical properties of defects. Deep level
proles were calculated from the Laplace DLTS spectra measured at a xed reverse bias
while varying the biases of the two lling pulses and taking into account the λ-layer. The
electric eld was calculated from the CV proles as described in Ref. [6]. The inuence
of the electric eld on the emission rate was determined by varying the reverse bias while
keeping the bias of the two lling pulses xed. The labeling of the DLTS peaks corresponds
to the temperature at which the peaks appear in the DLTS spectra for a rate window of
50 s−1.
The samples for the MCTS measurements with back side illumination were etched to
a thickness of ∼ 100 µm. Hydrogen was introduced either by the etching process or by a
subsequent dc hydrogen plasma treatment at 373 K. Ohmic contacts were formed on the
back side of the sample in such a way that only a part of the surface was rubbed with an
eutectic InGa alloy and the remainder was left for the illumination of the sample (Fig. 4.1).
The MCTS samples were mounted on a quartz plate for an ecient thermal contact and
illumination was performed from the back side through a hole in the sample holder. The
quality of the thermal contact was checked by comparing DLTS measurements conducted
with the quartz plate with measurements where the sample was mounted directly to the
sample holder. The temperature dierence was found to be less than 2 K.
The thermal stability of defects was investigated by isochronal annealing steps per-
formed in the cryostat. After each annealing step the concentration of the investigated
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defect was determined at the same depth. For that purpose, a CV prole was recorded
after each annealing step to extract the necessary bias values for the following measurement








Figure 4.1: Schematic cross section of the mounted MCTS sample with illumination from the back side
through a hole in the sample holder.
4.3 Instrumentation
Conventional DLTS measurements were performed with a setup consisting of a pulse gen-
erator (Agilent 81110 A), a capacitance meter (Booton 72B), a lock-in amplier (EG&G
7260 DSP), a seven decade capacitance box for compensation (Time Electronics 1071), and
a temperature controller (LakeShore DRC 91CA). The instruments were controlled via a
LabVIEW program.
The Laplace DLTS setup consisted of a digital capacitance meter (Boonton 7200), a
pulse generation and signal processing unit (National Instruments 6251 data acquisition
board), a transient recorder interface card, a seven decade capacitance box for compensa-
tion (Time Electronics 1071), and a temperature controller (Lakeshore 331). For MCTS
measurements this system was modied such that the generated bias pulses were rerouted
to trigger a laser diode driver. The reverse bias in this case was supplied to the sample by
a source measure unit (Keithley 236).
The measurements were performed in dierent cryostats. A liquid nitrogen cryostat
with a home-build sample holder was available for measurements between 77 K and 400 K.
A liquid helium cryostat was used for measurements between 10 K and 450 K, and a closed-
cycle cryostat (Janis CCS-150) with quartz windows was used for MCTS measurements in
the range of 10 K to 450 K.
5 Carbon-Hydrogen Complexes in
Silicon
5.1 Introduction
As mentioned in Sec. 1, ve dierent congurations of the CH complex in Si are predicted by
theory. The calculated positions of the electrical levels that are associated with the dierent
congurations of the CH complex in the band gap of Si are given in Tab. 5.1 and were taken
from Ref. [8]. However, experimental evidence for the assignments of the level positions to
the dierent congurations of the CH complex is controversial. Previously, Endrös et al.
observed a dominant DLTS peak at about 90 K in n-type Si after hydrogenation and
assigned it to the single donor state of CH1BC [12, 17, 67]. In those studies, CZ and FZ
samples with a net donor concentration of Nd = 5× 1015 cm−3 were hydrogenated either
by wet chemical etching or by a hydrogen plasma treatment at 420 K. However, before
the DLTS measurements an annealing at 320 K for a couple of hours under a reverse bias
of −4 V (reverse bias annealing, RBA) was performed [12, 17, 67] in order to increase
the hydrogen concentration in the depletion layer. The single donor level was detected
only after the RBA treatment. This was ascribed to the low concentration of H in the
depletion region directly after the hydrogenation of the sample. The activation enthalpy
of this defect was obtained as Ec−0.16 eV, whereas the apparent capture cross section was
about σna = 7× 10−16 cm2. A signicant enhancement of the emission rate of this CH
complex with electric eld was detected, and in the capacitance-voltage (CV ) prole an
additional positive charge was observed after the RBA treatment [12, 67]. Based on these
observations, the authors attributed this level to the single donor state of CH1BC.
A CH-related defect level with similar activation enthalpy was also reported by Yo-
neta et al. after hydrogenation by wet chemical etching [15]. However, in contrast to
Endrös et al. an enhancement of the emission rate with electric eld was not observed.
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CH1BC CH2BC CH1AB CH2AB CHTd
(−/0) 0.30 0.63 1.07 0.89
(0/+) 0.81 0.40
Table 5.1: Calculated electrical levels of dierent congurations of the CH complex (in eV) relative to
the conduction band minimum (from Ref. [8]).
It is emphasized that the measurements in Ref. [15] were performed directly after the hy-
drogenation of the samples and no RBA treatment was used. Investigations of the thermal
stability of this DLTS level by Kamiura et al. [18] yielded dierent dissociation energies
of this defect inside (1.3 eV) and outside (0.7 eV) the depletion region. It was concluded
that the CH complex became unstable in the neutral charge state by capturing an electron,
which was less likely inside the depletion region.
Andersen et al. reported on a combined experimental and theoretical study on the
electrical and structural properties of the CH complex [8]. Using the high-resolution
Laplace DLTS technique [59], a single level, labeled (CH)I, was observed at about 90 K
in FZ Si directly after low temperature H implantation. The activation enthalpy of
this defect was found to be Ec−0.22 eV and the apparent capture cross section was
σna = 2× 10−14 cm2. This level was shown to be a single donor and it was stable up
to 225 K in n-type Si. During its annealing, a direct conversion between (CH)I and an-
other conguration of the CH complex, labeled (CH)II, was observed. This conversion
was interpreted with an atomic reconguration of H from a bond-centered position at
the second-nearest neighbor of a substitutional carbon atom (CH2BC) to a bond-centered
position next to the carbon atom (CH1BC). The activation enthalpy (Ec−0.16 eV) and
apparent capture cross section (σna = 2× 10−16 cm2) of (CH)II were similar to those re-
ported by Endrös for the CH complex [12], and it was found to be stable slightly above
room temperature. Uniaxial stress measurements indicated a trigonal symmetry of (CH)II,
which supported the suggested bond-centered position of H. However, no eld dependence
of the emission rate of (CH)II was observed, and therefore it was assigned to the acceptor
state of CH1BC, contradicting the results of Endrös et al.
Two other CH-related electrical levels are frequently observed in n-type FZ and CZ Si
after hydrogen introduction by a remote H plasma. In 1983, Pearton et al. reported
an electron trap at Ec−0.53 eV (E262) that formed after hydrogen plasma treatment of
n-type FZ Si samples [21]. Johnson et al. noticed that this DLTS level always appeared
together with another trap at Ec−0.06 eV (E42) [22]. The concentrations of both traps
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were found to be identical, and from the absence of a eld eect they were assigned to
acceptor-like levels of hydrogen-impurity complexes. Recently, Scheffler showed that
E42 and E262 are two charge states of the same CH-related defect [68]. The correlation of
this defect with CH was demonstrated by comparing the concentration of E262 with the
concentration of CH1BC (E90) in the same sample. By comparing the activation enthalpy
of E262 with calculations presented in Ref. [8] E262 and E42 were tentatively assigned to
the single acceptor and double acceptor state of the CH1AB conguration, respectively.
Kamiura et al. reported on a CH-related defect in p-type FZ and CZ silicon that
appeared in DLTS spectra at 180 K (H180) after wet chemical etching or a hydrogen plasma
treatment [19]. The activation enthalpy and apparent capture cross section of this trap
were obtained as Ev+0.33 eV and σpa = 2× 10−16 cm2. H180 exhibited no enhancement
of its emission rate with electric eld, and, therefore, this level was assigned to the donor
state of a CH complex. The authors found that the annealing behavior of this trap in the
dark was similar to that of E90, but the annealing behavior under illumination of band
gap light was dierent. From this, they concluded that H180 and E90 originate from two
dierent defects with similar defect structure. By comparing the experimentally obtained
activation enthalpy and thermal stability with the calculations presented in Ref. [10] they
tentatively assigned H180 to the CH1AB conguration. Furthermore, they also speculated
that H180 could originate from a carbon and hydrogen related defect that contains two or
more hydrogen atoms.
The aim of this chapter is to shed light on the controversy of the charge state of CH1BC
and to resolve the origins of the dominant H-related levels that were observed in n-type
and p-type Si. In the following, the peak labeling is E or H, for electron or hole traps,
respectively, followed by the temperature at which the peaks appear in pure Si in the DLTS





DLTS spectra recorded in FZ and CZ Si samples that were prepared without hydrogenation
did not show any DLTS peaks. In contrast, after wet chemical etching at room temper-
ature or dc hydrogen plasma treatment several DLTS peaks were detected. The spectra
recorded in FZ samples after hydrogenation are shown in Fig. 5.1. The depicted spectra are
normalized to their respective maximum value and shifted vertically for clarity. The hydro-
gen plasma treatment was performed at the temperatures that are indicated in the gure.
Three peaks, labeled E42, E90, and E262, were detected after hydrogen introduction. E90
appeared after wet chemical etching as well as after dc hydrogen plasma treatment, and
its concentration decreased with increasing temperature of the plasma treatment. The
peaks E42 and E262 were detected only after hydrogenation by dc hydrogen plasma and
their concentrations increased with the temperature of the plasma treatment. In the CZ
Si samples, besides E90, E42, and E262, two additional peaks E65 and E75 were detected
after hydrogenation (Fig. 5.2). The appearance of E65 and E75 was independent from how
the hydrogen was introduced. However, it should be noted that the concentration of E90 in
the CZ samples was much lower compared to the concentration observed in samples with
similar hydrogen and carbon content but a lower oxygen concentration, which gives the
impression that E65 and E75 are formed at the expense of E90. Similar to the observations
in the FZ samples, the concentrations of E42 and E262 increased with the temperature of
the plasma treatment, while the concentration of E90 decreased with increasing tempera-
ture. The concentration of E65 and E75 relative to that of E262 decreased with increasing
temperature of the plasma treatment.
MCTS
To investigate a possible correlation of the DLTS levels observed in n-type silicon with
levels that can be observed in p-type silicon, DLTS and MCTS spectra were recorded in
the same n-type FZ Si sample. Figure 5.3 (a) presents the results obtained in a sample
that was hydrogenated by wet chemical etching. A single peak E90 was detected at about
90 K in the DLTS spectrum. In the MCTS spectrum a single peak H180 appeared at about
180 K. Figure 5.3 (b) depicts the spectra that were measured in a sample cut from the same
N-type Silicon 41
























Figure 5.1: Normalized DLTS spectra of n-type FZ silicon (FZ-1) after hydrogenation by wet chemical
etching and by a dc hydrogen plasma at the indicated temperatures. The spectra were measured with
VR = −1 V, VP = 0 V, a lling pulse width of 1 ms, and a rate window of 50 s−1.

























Figure 5.2: Normalized DLTS spectra of n-type CZ silicon (CZ-1) after hydrogenation by wet chemical
etching and by a dc hydrogen plasma at the indicated temperatures. The spectra were measured with
VR = −2 V, VP = 0 V, a lling pulse width of 1 ms, and a rate window of 50 s−1.
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Figure 5.3: Comparison of DLTS spectra (top) and MCTS spectra (bottom) recorded in n-type FZ
silicon (FZ-7) after hydrogenation by (a) wet chemical etching and (b) dc hydrogen plasma at 373 K. The
DLTS spectra were measured with VR = −2 V, VP = 0 V, a lling pulse width of 1 ms, and a rate window
of 50 s−1. The MCTS spectra were measured with VR = −2 V, a lling pulse width of 3 ms, and a rate
window of 50 s−1. The MCTS spectrum in (b) is enhanced by a factor of ve to emphasize the absence of
H180.
wafer but after hydrogenation by a dc hydrogen plasma at 373 K. Similar to the results
presented in Fig. 5.1 three peaks, E42, E90, and E262, were observed in the DLTS spectrum.
However, no H180 was detected in the MCTS spectrum. This result demonstrates that
H180 is not correlated with E42 or E262, since otherwise its concentration should have also
increased after the H-plasma treatment.
Laplace DLTS
Laplace DLTS spectra were recorded in order to check if more than one defect level con-
tributes to the formation of the DLTS peaks observed in Fig. 5.1 and 5.2. In n-type FZ
Si, a single Laplace DLTS peak was observed at 45 K (E42, Fig. 5.4 (a)), 87 K (E90,
Fig. 5.4 (b)), and 265 K (E262, Fig. 5.4 (c)), respectively. The emission rates of these
peaks were around 100 s−1 for E42 and E262 and about 25 s−1 for E90. In n-type CZ Si,
a single Laplace DLTS peak was also observed for each of the DLTS peaks E65 and E75
(Fig. 5.4 (d)), with emission rates at 69 K of about 5 s−1 and 120 s−1, respectively.
N-type Silicon 43



































































Figure 5.4: Laplace DLTS spectra recorded in sample FZ-1 (a-c) and CZ-1 (d) after hydrogenation by
dc hydrogen plasma at 313 K.
Reverse bias annealing
In samples with net doping concentrations of Nd ≥ 1× 1016 cm−3 the DLTS signal of
E90 was very small directly after hydrogenation by wet chemical etching or dc hydrogen
plasma. In Ref. [12] this issue was addressed by performing a reverse bias annealing
(RBA) at a temperature of 320 K for a couple of hours. This should facilitate the drift
of hydrogen from the surface deeper into the bulk and increase the concentration of CH
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complexes. Following this approach, a n-type FZ sample with Nd = 1× 1016 cm−3 was
hydrogenated and subjected to a reverse bias annealing with VR = −1.5 V at 320 K for
8 hours. Figure 5.5 (a) compares the DLTS spectra recorded directly after hydrogenation by
a dc hydrogen plasma at 313 K (dashed line) with those recorded after the subsequent RBA
(solid line). The comparison shows that the intensity of the DLTS peak at 90 K recorded
after RBA (E90′) signicantly increased. The CV prole before and after the RBA step
recorded at 85 K is shown in Fig. 5.5 (b). Directly after hydrogenation the net free carrier
concentration showed a decreasing prole towards the surface, which is indicative of the
donor passivation by indiusing hydrogen. After the RBA step a dip at a depth xd, that
corresponds to the edge of the depletion region during the RBA step, appeared in the CV
prole. This observation conrms that during RBA hydrogen was released at the surface
and drifted deeper into the bulk, where it passivated more phosphorous and reduced the
concentration of ionized donors.
Laplace DLTS spectra recorded after RBA in samples with dierent net doping con-
centrations are shown in Fig. 5.6. For all measurements the reverse bias was chosen such
that the electric eld strength in the investigated region was identical (3× 104 V/cm). The
biases of the lling pulses were varied in such a way that the investigated region covered
the edge of the depletion region during the RBA treatment. In samples with a net donor










































Figure 5.5: (a) DLTS spectra recorded in n-type FZ silicon (FZ-2) directly after hydrogenation by a dc
hydrogen plasma at 313 K (dashed line) and after a subsequent reverse bias annealing with VR = −1.5 V
at 320 K for 8 hours (solid line). The spectra were measured with VR = −2 V, VP = 0 V, a lling pulse
width of 1 ms, and a rate window of 50 s−1. (b) The CV prole recorded at 85 K before (dashed line)
and after (solid line) RBA. xd marks the depletion layer edge during RBA.
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Figure 5.6: Laplace DLTS spectra of n-type FZ silicon samples with dierent net doping concentrations
recorded at a temperature of 85 K after a reverse bias annealing at 320 K for 8 hours. Hydrogen was
introduced by a dc hydrogen plasma at 313 K for 1 hour. The measurements were performed in the
samples FZ-3 (a), FZ-1 (b), FZ-4 (c,d), and FZ-2 (e).
concentration of 1× 1014 cm−3 a single Laplace DLTS peak, labeled E90, was observed
after RBA (Fig. 5.6 (a)). In Si with a net donor concentration of 1× 1015 cm−3 besides
E90 another small Laplace DLTS peak, labeled E90′, with an emission rate shifted towards
higher values as compared to E90 was observed after RBA treatment (Fig. 5.6 (b)). Only
E90′ was observed close to the edge of the depletion region in samples with net donor
concentrations of 5× 1015 cm−3 (Fig. 5.6 (c)). However, if the probed region was shifted
towards the surface E90 was also detected (Fig. 5.6 (d)). In samples with a net donor
concentration of 1× 1016 cm−3 only E90′ was observed (Fig. 5.6 (e)).
Arrhenius plots
The activation enthalpies and apparent capture cross sections of the defects detected in
n-type FZ and CZ Si were obtained from their Arrhenius plots that are given in Fig. 5.7.
The values are summarized in Tab. 5.2. The capture cross section of E65 and E75 was also
directly measured and obtained as (2.0± 1.4)× 10−18 cm2 for both defects. No thermally
activated capture barrier was observed. For the other levels a change of the detected signal
strength with varying lling pulse width was not detected, and, therefore, their capture




E42 −(0.06± 0.01) (2.2± 0.2)× 10−17 CH1AB (−− /−)
E65 −(0.11± 0.02) (3.0± 1.4)× 10−16 COH (−/0)
E75 −(0.13± 0.01) (8.2± 0.8)× 10−16 COH (−/0)
E90 −(0.16± 0.01) (2.8± 0.2)× 10−16 CH1BC (−/0)
E90′ −(0.14± 0.01) (2.2± 0.3)× 10−16 CHn complex (0/+)
E262 −(0.52± 0.01) (1.8± 0.6)× 10−15 CH1AB (−/0)
Table 5.2: The activation enthalpies, the apparent capture cross sections, and the assignments of the
peaks observed in n-type Si. Ena is given with respect to the conduction band edge.




















Figure 5.7: Arrhenius plots of the peaks observed in hydrogenated n-type FZ and CZ silicon.
Field eect
To determine the charge state of the defects that give rise to the observed levels the
dependence of their emission rates on the applied electric eld strength was investigated.
The results for E42 and E262 obtained in sample FZ-6 are given in Fig. 5.8. The emission
rate enhancement of both defects is found to be smaller than that expected from both the
Poole-Frenkelmodel (dashed line) and the Hartkemodel (dotted line) for a positively
charged center. However, the experimental data of E42 can be well described by a model
N-type Silicon 47









































Figure 5.8: The emission rates of E42 (a) and E262 (b) as a function of the square root of the electric
eld. The solid line illustrates in (a) the Buchwald model for a negatively charged center and in (b) the
square-well potential of a neutral center. Also shown are ts with the Poole-Frenkel model (dashed
line) and the Hartke model (dotted line).
of a negatively charged defect with a radius of 1.6 nm (solid line in Fig. 5.8 (a)). This
model describes a repulsive center by a Morse potential that results from the superposition
of an attractive Coulomb potential and a short-range repulsive potential (for details see
Ref. [53]). The t of this model also gives the barrier height of the Morse potential, for
which a value of U0 = 60 meV was obtained. In contrast, the enhancement of the emission
rate of E262 shows a good agreement with a model that describes the carrier emission
from a neutral center (solid line in Fig. 5.8 (b)). This model uses a square-well potential
to describe an interaction without attractive or repulsive forces [52]. The best t of this
model is obtained for a radius of r = 3 nm. These results indicate that E42 is a double
acceptor level, while the eld dependence of E262 is consistent with the model of a single
acceptor level.
Figure 5.9 (a) presents the results obtained for E90 and E90′. The dashed line gives
the t of the experimental emission rates of E90′ with the Poole-Frenkel model. Excel-
lent agreement is obtained for electric elds below 170 (V/cm)
1
2 . For higher electric eld
strengths the emission rate increases stronger than predicted by the Poole-Frenkel
model. This is a well-known phenomenon which is commonly explained by the contri-
bution of phonon-assisted tunneling to the carrier emission [69]. If the phonon-assisted
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Figure 5.9: (a) The emission rate of E90 and E90′ as a function of the square root of the electric eld.
The t of E90′ with the Poole-Frenkel model for a Coulombic center is shown as dashed line. The t
of E90 with a square-well potential is shown as solid line. (b) The emission rate of E90′ as a function of



































Figure 5.10: The emission rate of E65 (a) and E75 (b) as a function of the square-root of the electric
eld. Also shown are ts with the square-well potential mode (solid line), Poole-Frenkel model (dashed
line), and Hartke model (dotted line).
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tunneling becomes dominant the logarithm of the emission rate of a defect should follow
the square of the electric eld. This was indeed observed for E90′ (Fig. 5.9 (b)). In con-
trast, the enhancement of the emission rate of E90 is much weaker than that predicted for
a defect with a Coulombic potential. However, the experimental data can be well described
by a square-well potential with a radius of r = 5.5 nm (solid line in Fig. 5.9 (a)). This
demonstrates that E90 is a single acceptor level while E90′ is a single donor level.
The eld dependence of the emission rates of E65 and E75 is depicted in Fig. 5.10 (a)
and (b), respectively. Both defects show an enhancement of their emission rate when the
electric eld strength is increased. This enhancement is signicantly smaller than expected
for a charged center, which could be described by the Poole-Frenkelmodel (dashed line)
or Hartke model (dotted line). However, a good agreement is obtained when the square-
well potential model of a neutral center is used (solid line). In this case, the experimental
data can be well tted by a square-well potential with a radius of 4.5 nm (E65) and 6.5 nm
(E75), respectively. This demonstrates that E65 and E75 are both single acceptor levels.
Depth proles
Depth proles of the defects were recorded in dierent samples after dierent hydrogenation
procedures to determine the number of H atoms in these complexes and their correlation
with carbon and oxygen impurities. The depth prole of E90 recorded after hydrogenation
by wet chemical etching is shown in Fig. 5.11. This prole is compared with that of the
phosphorus-hydrogen (PH) complex, which was obtained by subtraction of the phosphorus
donor concentration after hydrogenation from the net free carrier concentration in as-grown
samples. Two characteristic features of the proles can be distinguished. Firstly, the
concentration of PH is a factor of 20-50 higher as compared to that of E90. Secondly, the
slopes of the concentration proles of these defects were found to be identical. According to
Ref. [70], these results indicate that both complexes contain the same number of hydrogen
atoms.
Since E90′ could not be observed directly after wet chemical etching the depth proles
of E90 and E90′ were also recorded after reverse bias annealing. They are compared to
obtain information about the number of H atoms that are involved in the formation of
E90′. The results obtained after RBA in samples with dierent doping concentrations are
presented in Fig. 5.12. In samples with a net donor concentration of 1× 1015 cm−3 E90
was observed after RBA (compare with Fig. 5.6), and the slope of its concentration prole
is similar to the slope of the PH concentration (Fig. 5.12 (a)). In contrast, in samples
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Figure 5.11: Comparison of the depth proles of E90 and PH recorded in sample FZ-3 after hydrogenation
by wet chemical etching. The solid lines are a guide to the eye and indicate the identical slope of the proles.












































Figure 5.12: Comparison of the depth proles of E90 (a) and E90′ (b) with those of PH recorded after
a RBA treatment in samples FZ-1 (a) and FZ-2 (b). The solid lines are a guide to the eye and indicate
the dierent slope of the proles.
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Figure 5.13: The depth proles of E42 and E262 as recorded in sample FZ-1 after dc hydrogen plasma
treatment at 373 K.
with a net donor concentration of 1× 1016 cm−3 E90′ was detected, and the slope of its
concentration prole is signicantly stronger compared to that of PH (Fig. 5.12 (b)). The
signicant dierences between the E90 and E90′ proles demonstrate that both defects
contain dierent numbers of H atoms.
In order to reveal the origin of E42 and E262, samples with dierent concentrations
of oxygen, carbon, and phosphorous were hydrogenated by a dc H plasma treatment. A
typical example of the depth proles of E42 and E262 is presented in Fig. 5.13. It was
found that both traps appear always together and with identical depth proles, which
demonstrates that E42 and E262 are dierent charge states of the same defect. Therefore,
only E262 is discussed below, but the conclusions are similarly valid for E42.
Figure 5.14 compares depth proles of E262 in samples with similar carbon and oxygen
concentrations but dierent concentrations of shallow donors (phosphorous). Also shown
are the proles of the shallow PH complexes in each sample. The depth proles of E262
show a maximum which shifts towards the surface in samples with a higher P concen-
tration. However, the maximum concentration of E262 was about 2× 1013 cm−3 in all
samples, which indicates that the corresponding defect does not contain P. The presence
of a maximum can be explained by the formation of electrically inactive CH complexes
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Figure 5.14: The depth prole of E262 recorded in samples with dierent net doping concentrations
and similar carbon and oxygen concentrations after simultaneous hydrogenation by a dc hydrogen plasma.
(CZ-2: [P] = 1× 1015 cm−3, CZ-4: [P] = 5× 1014 cm−3, CZ-3: [P] = 1× 1014 cm−3)
that contain more than one H atom (e. g. CH∗2, see Ref. [71]). Their formation would be
favored close to the surface where the hydrogen concentration is larger, and they would re-
duce the concentration of E262, in agreement with the observation. The shift of the depth
proles can be linked to the shift of the hydrogen concentration prole to larger depths in
samples with a lower phosphorous concentration. The reason for this shift is the reduced
trapping eciency of hydrogen in samples with a lower phosphorous concentration, which
leads to a larger penetration depth of H. Therefore, E262 can be detected in larger depths
as compared to samples with a higher P concentration. This interpretation is consistent
with the observed PH proles, which are directly related to the hydrogen concentration
in the samples, and which also show a shift towards the surface in samples with more P.
Similar depth proles were also obtained in samples doped with As (CZ-6) and Sb (CZ-7).
Depth proles of E262 recorded in samples with dierent concentrations of carbon
but similar concentrations of phosphorous and oxygen are compared in Figure 5.15 (a).
In addition, the depth proles of PH are also presented. It is found that in the sample
with the higher C content the maximum concentration of E262 signicantly exceeds (by
a factor of 5) the one obtained in the sample with the lower C content. Although the
N-type Silicon 53












































Figure 5.15: The depth prole of E262 recorded in samples with (a) dierent carbon concentrations
and (b) dierent oxygen concentrations. Both samples were simultaneously hydrogenated by a dc H
plasma. (CZ-2: [C] = 5× 1015 cm−3, [O] = 1× 1018 cm−3, CZ-5: [C] = 8× 1016 cm−3), FZ-1: [O] =
5× 1015 cm−3
observed maximum concentration of E262 scales not one-to-one with the carbon content
of the samples, this result clearly shows that at least one carbon atom is involved in this
complex.
Figure 5.15 (b) presents depth proles of E262 recorded in samples with an identical
concentration of shallow donors and similar carbon concentrations but with a more than two
orders of magnitude dierent O concentration. The proles are similar with a maximum
concentration of E262 of about 3× 1013 cm−3 in both samples. This veries that this
defect does not contain oxygen. Notice that the phosphorous concentration varies slightly
in the samples CZ-2 and FZ-1. However, as shown above, the concentration of E262 does
not depend on the P concentration (compare Fig. 5.14), and as a result the dierent P
concentrations should not inuence the maximum concentration of E262.
Some FZ samples were annealed under a reverse bias of −2.5 V at 320 K after the
hydrogen introduction by a dc H plasma treatment at 313 K to facilitate the drift of H into
the bulk of the samples. The depth proles of E262 were found to be identical before and
after the RBA treatment (Fig. 5.16). In contrast, under the same annealing conditions,
the depth prole of E90 shifts towards the bulk with the maximum of the concentration
close to the end of the depletion region. This results highlights the preference of H to form
E90, while E262 is mainly formed by a H plasma treatment.
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Figure 5.16: The depth proles of E262 and E90 before and after RBA at 320 K for 3 hours with an
applied reverse bias of UR = −2.5 V recorded in sample FZ-6. The edge of the depletion region during the
RBA is indicated as dashed line. Full symbols refer to the depth prole before RBA and empty symbols
refer to the depth prole after RBA.
The depth proles of E65 and E75 recorded in sample CZ-1 after hydrogenation by wet
chemical etching are shown in Fig. 5.17 together with the prole of the PH complexes. The
slopes of the proles are identical, which demonstrates that E65 and E75 also contain one
hydrogen atom.
Thermal stability
The thermal stability of the observed CH complexes was investigated with isochronal an-
nealing experiments. The concentration of the defects was calculated from the CV proles
and the Laplace DLTS amplitude with consideration of the λ-layer [6]. For each measure-
ment the pulse biases have been chosen in such a way that the same depth was investigated
after each annealing step.
Figure 5.18 illustrates the results obtained for E90 and E90′. The annealing was per-
formed between 150 K and 360 K with 15 min annealing steps. The concentrations are
normalized to their initial value. The concentration of E90′ is reduced by a factor of two
at about 300 K and it anneals out at 320 K. E90 is slightly more stable and anneals out at
N-type Silicon 55




















Figure 5.17: Comparison of the depth proles of E65, E75, and PH recorded in sample CZ-1 after
hydrogenation by wet chemical etching. The solid lines are a guide to the eye and indicate the identical
slope of the proles.
360 K. Note that no conversion between E90′ and E90 was observed. This indicates that
E90′ is not the same as E90 just with an additional H atom. The data can be well tted
with a rst-order decay model N(t) = N0 exp−t/τ , where 1/τ = ν exp−∆Eth/kT , t is the
annealing time, ν the attempt frequency, and ∆Eth the activation energy for dissociation
[12]. The obtained values are ∆Eth = (1.08± 0.01) eV and ν = (7.0± 0.5)× 1012 s−1
(E90), and ∆Eth = (0.61± 0.01) eV and ν = (2.0± 1.0)× 107 s−1 (E90′), respectively.
The thermal stability of E42 and E262 was investigated by isochronal annealing steps of
60 min (Fig. 5.19). After each annealing step the concentration was calculated at the same
depth of around 1.7 µm. Within the accuracy of the experiment the concentrations and
the annealing behavior of E42 and E262 were found to be identical. Their concentrations
decrease by a factor of two at about 375 K and they anneal out at about 420 K. A
t with the rst-order decay model described above yields ∆Eth = (0.86± 0.01) eV and
ν = (6.0± 3.0)× 107 s−1 for both defects.
Figure 5.20 presents the thermal stability of E65 and E75 that was investigated by
45 min isochronal annealing steps performed in the range of 310− 410 K. The concentra-
tion of both defects is approximately constant up to 340 K, and it gets signicantly reduced
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Figure 5.18: The normalized concentration of E90 and E90′ after isochronal annealing steps of 15 min
without applied reverse bias (E90: FZ-3, E90′: FZ-4).

























Figure 5.19: The concentration of E42 and E262 after isochronal annealing steps of 60 min without
applied reverse bias (FZ-6).
N-type Silicon 57





























Figure 5.20: The normalized concentration of E65 and E75 after isochronal annealing steps of 45 min
without applied reverse bias (CZ-2).
by annealing at about 360− 370 K. No traces of the defects were detected after annealing
at 420 K. The t with the rst-order decay model gives ∆Eth = (0.53± 0.01) eV and
ν = (6.5± 2.0)× 103 s−1 (E65), and ∆Eth = (0.92± 0.1) eV and ν = (2.0± 1.0)× 109 s−1
(E75), respectively. All obtained values are summarized in Tab. 5.3.
label ∆Eth(eV) ν(s
−1)
E42 0.86± 0.01 (6.0± 3.0)× 107
E65 0.53± 0.01 (6.5± 2.0)× 103
E75 0.92± 0.01 (2.0± 1.0)× 109
E90 1.08± 0.01 (7.0± 0.5)× 1012
E90′ 0.61± 0.01 (2.0± 1.0)× 107
E262 0.86± 0.01 (6.0± 3.0)× 107
Table 5.3: The activation energy for dissociation ∆Eth and the attempt frequency ν for the thermal




DLTS spectra recorded in p-type FZ and CZ Si samples with a low carbon content ([C] ≤
5× 1015 cm−3) did not show any peaks after hydrogenation by wet chemical etching or
dc hydrogen plasma. However, some peaks were detected after hydrogenation of samples
with a higher carbon content. Figure 5.21 presents DLTS spectra of the p-type sample
CZ-8 recorded after hydrogenation by wet chemical etching and by dc hydrogen plasma at
the indicated temperatures, respectively. After wet chemical etching, a single peak H50
was detected at a temperature of 50 K. Besides H50, a minority carrier peak E262 was
detected after hydrogen plasma treatment at 343 K. A dominant majority carrier peak,
labeled H180, was observed after hydrogen plasma treatment at 373 K.
Laplace DLTS
As in n-type Si, Laplace DLTS measurements were conducted to check if the DLTS peaks
exhibit a ne structure. Figure 5.22 gives the results that were obtained in the sample from


























Figure 5.21: DLTS spectra recorded in p-type CZ silicon (CZ-8) after hydrogenation by wet chemical
etching or by dc hydrogen plasma at the indicated temperatures. The spectra were recorded with VR =
−2 V, VP = 0 V, a lling pulse width of 1 ms, and a rate window of 50 s−1.
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Figure 5.22: Laplace DLTS spectra recorded at 50 K (a) and 190 K (b) in CZ-8 after hydrogenation by
a dc hydrogen plasma at 373 K for 45 min. The spectra were recorded with VR = −2.5 V, VP1 = 0 V, and
VP2 = −2 V.

















Figure 5.23: Laplace DLTS spectrum recorded at 265 K in CZ-8 after hydrogenation by a dc hydrogen
plasma at 373 K for 45 min. The spectrum was recorded with VR = −2.5 V, VP1 = −0.5 V, and VP2 =
−2 V.
Fig. 5.21 after dc hydrogen plasma at 373 K. A single Laplace DLTS peak H50 with an
emission rate of about 300 s−1 was detected at 57 K (Fig. 5.22 (a)). H180 also consists of a
single Laplace DLTS peak with an emission rate of about 120 s−1 at 190 K (Fig. 5.22 (b)).
The Laplace DLTS spectrum of E262 is presented in Fig. 5.23, and it also shows a single
Laplace DLTS peak with an emission rate of about 150 s−1 at 265 K.
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Arrhenius plots
Figure 5.24 shows Arrhenius plots for the peaks observed in hydrogenated p-type Si.
The obtained activation enthalpies and apparent capture cross sections are summarized
in Tab. 5.4 together with their assignments. The level position of E262 in p-type Si corre-
sponds well to the position of E262 measured in n-type Si. Both are also H and C-related.
Therefore, E262 in p-type Si is identied as being the same defect E262 that is observed in
n-type Si. It is concluded that it also appears in p-type Si as minority carrier center due to
its mid-gap level position. The properties of E262 were already presented in Sec. 5.2.1 and,
therefore, it will not be further discussed in the following. The capture cross section of
H180 was also directly measured. The results that were obtained at dierent temperatures
are presented in Fig. 5.25. The t of the measured capture cross sections with Eq. (2.14)
yields a capture barrier of Eσ = 53 meV and a prefactor σ∞ = 1.3× 10−16 cm2. Due to
technical limitations and its low concentration, the capture cross section of H50 could not
be directly measured.
















Figure 5.24: Arrhenius plots of the peaks observed in hydrogenated p-type silicon.
label Epa(eV) σpa(cm
2) assignment
H50 +(0.08± 0.02) (2.9± 1.2)× 10−17 CH2AB (−/0)
H180 +(0.33± 0.01) (3.0± 0.8)× 10−16 CHT (−/0)
E262 +(0.64± 0.01) (1.2± 0.2)× 10−15 CH1AB (−/0)
Table 5.4: The activation enthalpies, the apparent capture cross sections, and the assignments of the
peaks observed in p-type Si. Epa is given with respect to the valence band edge.
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Figure 5.25: The temperature dependence of the capture cross section of H180 obtained from the directly
measured capture rates.
Field eect
Figure 5.26 shows the emission rate of H180 at 190 K recorded under dierent electric
eld strengths. The t of the data with a model of a square-well potential of radius 5 nm
is given as solid line. Also shown are the ts with the Poole-Frenkel model (dashed
line) and Hartke model (dotted line) for a charged center. For eld strengths below
2.2× 104 V/cm no enhancement of the emission rate was observed, and, therefore, none of
the considered models can describe the experimental results.
It was not possible to obtain reliable results for the eld enhancement of the emission
rate of H50, because of the low concentration of this defect.
Depth proles
Figure 5.27 presents the depth proles of H180 and boron-hydrogen pairs (BH) recorded
after wet chemical etching. The prole of BH was obtained by subtraction of the boron
acceptor concentration after hydrogenation from the net free carrier concentration in as-
grown samples. The concentration of H180 is found to decrease towards the bulk. The
slope of the prole of H180 is identical to the slope of the BH prole. According to Ref. [57],
this demonstrates that H180 contains a single hydrogen atom. Figure 5.28 presents the
depth proles of H180 and BH recorded after hydrogen plasma treatment at 373 K. The




















Figure 5.26: The emission rate of H180 as a function of the square root of the electric eld. Also
shown are the t with a square-well potential with a radius of 5 nm (solid line), the t with the 1-D
Poole-Frenkel model (dashed line), and the t with the 3D Hartke model (dotted line).




















Figure 5.27: The depth prole of H180 and of boron-hydrogen complexes after wet chemical etching.
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Figure 5.28: The depth prole of H180 and of boron-hydrogen complexes after hydrogen plasma treat-
ment at 373 K for 2 hours.
Thermal stability
The annealing behavior of H180 was investigated between 300 K and 420 K with annealing
steps of 60 min. The result is shown in Fig. 5.29. The concentration of H180 decreases
by a factor of 2 at about 360 K and the defect anneals out at 420 K. The t with the
rst-order decay model yields ∆Eth = (0.82± 0.02) eV and ν = (6± 2)× 107 s−1.




























Figure 5.29: The normalized concentration of H180 after isochronal annealing steps of 60 min.
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5.3 Discussion
In the investigated n-type and p-type Si samples no DLTS peaks were detected before
their hydrogenation. After hydrogen introduction several peaks (E42, E65, E75, E90,
E90′, E262, H50, H180) were detected and in the following their origin is discussed.
E90
After wet chemical etching or dc hydrogen plasma treatment at temperatures below 373 K
a DLTS peak E90 was observed in n-type Si samples at about 90 K. As mentioned in
the introduction (Sec. 5.1), this peak is commonly observed in Si after hydrogenation
and it is attributed to the CH1BC conguration of the CH complex. However, E90 is
contradictorily assigned by dierent authors to the donor level [12, 18] as well as to the
acceptor level [8] of CH1BC. This contradiction could be resolved in this work by the
Laplace DLTS measurements shown in Fig. 5.6. It is demonstrated that two dierent
defects (E90 and E90′) can be observed in n-type Si after hydrogenation. In samples that
were hydrogenated by wet chemical etching or dc hydrogen plasma, a Laplace DLTS peak
E90 appears in the spectra, whereas after RBA a dierent Laplace DLTS peak E90′ can be
detected. The electrical properties of E90 (activation enthalpy and apparent capture cross
section) are similar to those reported in Refs. [8, 15]. The depth proles of E90 and PH
recorded after hydrogenation by wet chemical etching exhibits an identical decrease of the
concentration towards the bulk. According to Ref. [70] this indicates that E90 contains a
single hydrogen atom. E90 exhibits an emission rate enhancement with electric eld which
is much smaller than expected from the Poole-Frenkel model of a charged center.
However, the experimental data shows a good agreement with the square-well potential
model of a neutral center with a radius of r = 5.5 nm. Similar values for the radius
were previously also reported for other point defects with potentials which describe an
interaction without an attractive force and, therefore, are either neural or equally charged
as the emitted carrier after the emission [7274]. Consequently, level E90 is assigned to
the acceptor level of the CH1BC conguration of the CH complex. The t of the thermal
stability of E90 gave a prefactor of ν = 2× 1013 s−1. This value is in the same order of
magnitude as the phonon frequency in Si [47], which indicates a single atomic jump as
limiting process for the annealing. This result is in agreement with the assignment of E90
to the CH1BC conguration and shows that the annealing occurs by the dissociation of the
hydrogen atom from the carbon atom.
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E90′
In contrast to the measurements that were conducted directly after the hydrogenation a
dierent defect (E90′) was detected after conducting a reverse bias annealing in samples
with a net donor concentration Nd > 1× 1015 cm3. E90′ has a comparable activation
enthalpy and apparent capture cross section as E90. However, for electric eld strengths
< 2.9× 104 V/cm it exhibits a pronounced eld eect which can be described by the
Poole-Frenkel model of a positively charged center. The deviations from the Poole-
Frenkel model that are observed at higher electric eld strengths (> 2.9× 104 V/cm)
can be explained by the contribution of phonon-assisted tunneling (see Fig. 5.9 (b)). These
results show that E90′ is the donor level of a CH related complex. A comparison of the
depth proles of E90 and E90′ recorded after reverse bias annealing shows that the slope
of the concentration prole is signicantly steeper for E90′. This observation suggests
that E90′ contains more than one hydrogen atom. In agreement with this suggestion is
the fact that E90′ is always observed closer to the surface as compared to E90 where the
hydrogen concentration is larger (compare Fig. 5.12). The investigation of the thermal
stability of E90′ showed that is it less stable than E90. It is emphasized that the properties
of E90′ (activation enthalpy, eld eect, thermal stability) are similar to those reported
by Endrös et al. and Kamiura et al. for a CH related complex that was investigated
after RBA steps [12, 18, 67]. Therefore, one can conclude that E90′ was observed in
Refs. [12, 18, 67]. This assumption explains the inconsistent assignments of the DLTS peak
E90 in the literature to dierent charge states of a CH complex (see Sec. 5.1). The prefactor
of ν = 5× 106 s−1 that was found in the annealing experiments is much smaller than the
typical phonon frequency in Si [47]. However, this value is in agreement with the prefactor
that was found by Kamiura et al. [18], which further supports the conclusion that E90′
was investigated in Refs. [12, 18, 67]. From the small prefactor Kamiura concluded that
the limiting process of the dissociation is not an atomic jump process but the capture of
an electron from the conduction band. This statement is consistent with the model of a
donor state of a CHn (n > 1) complex where one of the H atoms is bound only in the
positive charge state. In Ref. [71] Estreicher et al. showed that for the case n = 2
(CH∗2) two possible congurations, C − HBC . . . Si − HAB and Si − HBC . . .C − HAB, can
occur, which are both electrically inactive. Therefore, one could speculate that E90′ is a
CH3 complex that transforms into the electrically inactive CH
∗
2 after dissociation of a H
atom, but further investigations are necessary in order to shed light on this matter. The




In Ref. [68] Scheffler suggested that the two levels E42 and E262 should be attributed
to single-acceptor (E262) and the double-acceptor state (E42) of the CH1AB conguration
of the CH complex. This model was derived from the comparison of the level position of
E262 with calculations presented by Andersen et al [8]. However, the carbon correlation
was only shown by comparison of the observed E262 concentration with the concentration
of E90 (CH1BC) in the same sample. As is shown in Fig. 5.16, this correlation is dis-
putable since E90 and E262 have dierent depth proles. Therefore, a comparison of the
concentrations of E90 and E262 at dierent depths could lead to wrong interpretations of
their relative intensity. To overcome this drawback, depth proles of E262 were recorded
in samples with dierent concentrations of C, O, and shallow donors (P, As, Sb). The
depth proles recorded in samples with dierent concentrations of carbon show a clear
dependence of the maximum concentration of E262 on the C content of the samples. The
absence of a one-to-one correspondence between carbon and E262 can be explained if the
defect formation is limited by the total hydrogen concentration. This assumption is sup-
ported by the fact that the carbon concentration in sample CZ-5 is a factor of 16 higher
than in sample CZ-2, but the hydrogen concentration is identical. To obtain a one-to-one
correspondence one would have to introduce also a factor of 16 more hydrogen in sample
CZ-5. However, in this case it would be more complicated to argue that the increase in
the concentration of E262 stems from a relation with carbon. A second argument why
the possibility that E262 contains more than one carbon atom can be excluded is that the
probability of nding two randomly distributed carbon atoms close to each other is very
low. In the investigated samples (FZ-6, Fig. 5.19), the carbon concentration was about
5× 1015 cm−3. If a random C distribution is assumed the expected concentration of C-
pairs should not exceed 2× 109 cm−3 1. However, the detected concentration of E262 in
this sample was about 2× 1013 cm−3, which is far above the value that can be expected
for a C2H complex. Further, no dependence of the E262 concentration on the oxygen or
shallow donor concentration was observed (Figs. 5.14 and 5.15). These ndings conrm
that E262 and E42 indeed originate from a carbon-hydrogen complex with one carbon and
one hydrogen atom.
The annealing behavior of E42 and E262 was investigated by Laplace DLTS measure-
ments after isochronal annealing steps. The concentration of E42 and E262 was measured
1[C] = 5× 1015 cm−3, [Si] = 5× 1022 cm−3 ⇒ PCC = ([C]/[Si])2 ⇒ [C2] = 4 ·PCC · [Si] =
2× 109 cm−3. 4 is the number of next-nearest neighbors of C.
67
in the same depth region. Within the experimental accuracy the thermal stability of E42
and E262 were found to be identical, which supports the assumption that E42 and E262
are two charge states of the same CH complex. In addition, the observed enhancement of
the emission rate of E42 shows an excellent agreement to a model that describes a doubly
charged acceptor (Fig. 5.8 (a)), whereas the emission rate enhancement of E262 can be
well tted with a model that describes the carrier emission from a neutral center with
radius r = 3 nm (Fig. 5.8 (b)). Therefore, the results of this work are consistent with the
assignment of E42 and E262 to the double acceptor and the single acceptor state of the
CH1AB conguration, respectively.
E65 and E75
The two levels E65 and E75 appear only in Si with a high oxygen content ([O] > 1017 cm−3)
and they were previously attributed by Yoneta et al. to donor states of two kinds of
COH complexes [15]. However, the assignment of these traps to donor-like defects was
not supported by experimental evidence. The number of H atoms that are involved in the
formation of these complexes is also not known.
Both E65 and E75 show an enhancement of their emission rate with electric eld
(Fig. 5.10), but it is much smaller than expected for a charged center. Instead, the data
can be well described by a model of a neutral center with a radius of 4.5 nm (E65) and
6.5 nm (E75), respectively. These values are comparable to the radii obtained for E90 and
E262, and to those reported in Refs. [7274] for other neutral centers. In addition, the
directly measured capture cross section of 2.0× 10−18 cm2 is very small, and no barrier
for electron capture was observed. These ndings demonstrate that E65 and E75 are both
single acceptor states. Note that this result is in disagreement with the donor-nature sug-
gested by Yoneta et al. However, the donor nature was derived in Ref. [15] only from the
change in the CV proles after annealing steps at 373 K. This procedure is not reliable
since other donors can also contribute to the net free carrier concentration that is detected
by the CV measurements. In addition, the authors also investigated the enhancement of
the emission rates of E65 and E75 with electric eld and they too observed only a small
enhancement of the emission rates, similar to the results in this work.
To nd the number of H atoms that are involved in these defects depth proles of E65,
E75, and PH were recorded in samples after hydrogenation by wet chemical etching. The
slopes of their depth proles were found to be identical, which demonstrates that E65 and
E75 contain a single hydrogen atom. The number of C and O atoms in these defects was
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not determined directly, but from the concentrations of C and O in the samples and the
observed concentrations of E65 and E75 (CZ-1, see Fig. 5.17) it is likely that only a single
C and O atom are involved in these complexes.
Investigations of their thermal stability showed that E65 and E75 anneal out almost
simultaneously at about 410 K, which is only slightly higher than the temperature where
CH1BC anneals out. The annealing of E75 occurs with a similar activation energy and
prefactor as E90, which indicates that both complexes could have similar defect structures.
In Ref. [75] Newman et al. identied pairs of substitutional carbon with interstitial oxygen
(CsOi) in as grown CZ Si samples by infrared absorption. The atomic structure of the
most stable pair was proposed to be Oi at the second nearest-neighbor site of Cs [7577].
Hydrogen interaction with the CsOi complex could lead to two dierent structures C-H-Si-
Oi or H-C-Si-Oi. Therefore, the formation of E65 and E75 in O-rich Si could be the result
of H interacting with CsOi complexes. This could lead to complexes similar to CH1BC but
disturbed by a nearby O-atom. However, to understand the exact structure of E65 and E75
further investigations are necessary. For example, uniaxial stress measurements could give
information about the symmetry of the defects that give rise to E65 and E75, but these
experiments are beyond the scope of this work. It is noted that Bonde Nielsen et al.
showed that the presence of interstitial oxygen in the nearest neighborhood of H related
defects slightly disturbs their electrical and annealing properties in Si [78]. These ndings
are also consistent with the results of this work and support the assumed structure of E65
and E75 as a CH1BC complex with a nearby O-atom on one of two non-equivalent positions.
H50
H50 was only observed in carbon rich p-type Si samples after hydrogenation and it was not
reported in the literature before. Its activation enthalpy is obtained as Ev+0.08 eV and its
apparent capture cross section as 2.9× 10−17 cm2. However, due to its low concentration
it was not possible to obtain reliable depth proles or to investigate the dependence of
the emission rate of H50 on the electric eld. Therefore, no experimental evidence for the
charge state of H50 exists. However, the results show that H50 is hydrogen and carbon
related since it does not appear without H introduction and was only observed in C-rich
samples. By comparing the obtained activation enthalpy with the predicted level positons
of CH [8] one nds that the most likely candidate for H50 is the anti-bonding conguration
of H at the Si atom neighboring a carbon atom (CH2AB). This conguration is predicted
to be an acceptor state with an energy level at Ev+0.07 eV [8], which is very close the
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the experimental activation enthalpy of H50. Therefore, H50 is tentatively assigned to
the acceptor state of the CH2AB conguration. It is emphasized that the experimental
evidence for this assignment is quite scarce and other explanations for H50 are possible. It
may involve two carbon atoms or more than one hydrogen atom.
H180
H180 was previously reported by Kamiura et al. and tentatively assigned to the donor
state of the CH1AB conguration [19]. The correlation with carbon was derived by com-
paring results obtained in samples with dierent carbon and oxygen concentrations. The
number of hydrogen atoms that are involved in this complex was not determined, but it
was speculated that H180 could contain more than one hydrogen atom.
This assumption could be disproved by recording the depth proles of H180 and BH
after hydrogen introduction by wet chemical etching. The proles of H180 and BH exhib-
ited an identical slope, which, according to the theory presented in Ref. [70], demonstrates
that H180 contains a single hydrogen atom. As a sidenote it is emphasized that the depth
proles of H180 and BH recorded after dc hydrogen plasma also exhibit an identical slope
for the deeper part of the proles where the saturation of the BH prole due to the limited
boron concentration has no eect.
To check the suggested correlation with the CH1AB conguration of the CH complex
combined DLTS and MCTS measurements were performed with samples that were hydro-
genated by wet chemical etching or dc hydrogen plasma, respectively. In contrast to the
assignment of Kamiura et al. the results of this work demonstrate that H180 cannot be
correlated with CH1AB (E42, E262), since the concentration of H180 is independent from
the concentration of E42 and E262. Therefore, H180 is not the donor state of the CH1AB
conguration. In Ref. [19] it was also shown that the annealing behavior of H180 and E90
(CH1BC) is dierent under illumination with band-gap light, and, therefore, H180 can also
not be correlated with the CH1BC conguration. An identication of H180 with the CH2BC
conguration can be also ruled out since this would anneal out already above 225 K [8].
To shed light on the origin of H180 the proposed charge state was reviewed. The con-
clusions in Ref. [19] that H180 is a donor state was based on the absence of an enhancement
of the emission rate of H180 with electric eld. The lack of any inuence of the electric
eld strength on the emission rate was also conrmed in this study. However, although
the observation of a Poole-Frenkel eect would prove the acceptor nature of a defect
in p-type Si, the absence of a eld enhanced emission does not by itself provide infor-
mation on the charge state. The presence of a capture barrier could hinder the emission
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rate enhancement that is caused by the electric eld [53]. To examine this possibility the
temperature dependence of the capture cross section was investigated (Fig. 5.25). It was
found that a barrier for the capture of holes of Eb = 53 meV exists for H180. The eects of
such a barrier were previously investigated by Buchwald et al. [53]. Buchwald showed
that the expected eld enhancement of the emission rate of the EL2 donor in n-type GaAs
is strongly suppressed by a barrier of Eb = 66 meV. This value is similar to the barrier
height obtained for H180 in this work and, therefore, it is possible that H180 is the acceptor
state of a CH complex whose eld enhancement of the emission rate is suppressed by the
capture barrier. Comparing with theory, the activation enthalpy of H180 (Ev+0.33 eV) is
close to the calculated acceptor level of the CHT conguration (Ev+0.23 eV, see Tab. 5.1).
In addition, the formation energy of CHT is higher as compared to CH1BC (E90) and CH1AB
(E42, E262) [8]. Therefore, it should be observed with lower concentrations than E90 and
E262, which is consistent with the results of the combined MCTS/DLTS measurements
(compare Fig. 5.3). Summarizing the presented results, H180 is tentatively assigned to the
single acceptor state of the CHT conguration of the CH complex. However, it is noted
that this conclusion is not very strong and other explanations for the origin of H180 are
also possible. Theoretical investigations could help to understand the nature of H180.
Summary
A summary of the defect levels that were observed in n-type and p-type Si and their






















Figure 5.30: Overview of the electrical levels of carbon-hydrogen related complexes in n-type and p-type
Si with their charge states and assignments.
6 Carbon-Hydrogen Complexes in
Silicon-Germanium
6.1 Introduction
This chapter is dedicated to the investigation of the inuence of alloying on the electrical
and structural properties of the CH complexes that were investigated in Chap. 5. Until
now no studies on CH complexes in silicon-germanium exist in the literature. However,
there are informations about other defects in Si1−xGex that can provide hints on how CH
complexes might be inuenced by alloying.
In Ref. [79] Bonde Nielsen et al. reported on the properties of bond-centered hydro-
gen in diluted Si1−xGex. It was found that the concentration of bond-centered hydrogen
with Ge on a second-nearest neighbor position (E3′(Ge)) was signicantly enhanced over
the concentration that was expected from statistical simulations. This was assigned to a
lowering of the trapping barrier for hydrogen in the strain eld around substitutional Ge.
A similar eect could also occur for CH complexes.
In Refs. [34, 35, 80, 81] the electrical properties of Fe, FeB, Au, and Pt in Si1−xGex
alloys were investigated with the DLTS and Laplace DLTS technique. It was demonstrated
that defects which exhibit a single Laplace DLTS peak in pure Si introduce multiple peaks
in Si1−xGex alloys. These additional peaks were shown to originate from structural vari-
ations of the defects with dierent numbers of Ge atoms in their rst and second-nearest
neighborhood. As shown in Ref. [34], an analysis of the additional Laplace DLTS peaks
can not only give insight into the inuence of alloying on the energy level of a defect, but
one can also extract informations about the atomic environment of a defect.
In the following, the peak labeling for defects in Si1−xGex is E or H, for electron or
hole trap, followed by the temperature at which the corresponding defect is observed in
DLTS spectra of pure Si. The number of Ge atoms in the rst and second-nearest shell of
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a defect is indicated behind the label by (An), where A denotes the number of Ge atoms
in the rst-nearest shell and n the number of Ge atoms in the second-nearest shell. If the
second-nearest shell cannot be resolved in the spectra (An) is substituted by (A). If the
rst-nearest shell cannot be resolved in the spectra (An) is omitted. For example, E120 (12)
would denote an electron trap that appears at 120 K in pure Si and has one Ge atom in




Figure 6.1 presents DLTS spectra recorded in n-type Si1−xGex samples with dierent Ge
content after hydrogenation by a dc hydrogen plasma at 313 K. For comparison, a DLTS
spectrum recorded in pure Si (FZ-1) after the same hydrogenation procedure is also given.
The spectra are normalized to their respective maximum value and shifted vertically for
clarity. In pure Si, two peaks E90 and E262 were detected after hydrogenation. In con-
trast, in Si1−xGex three peaks E90 (0), E90 (1), and E262 appeared in the spectra. With
increasing Ge content the peaks E90 (0) and E90 (1) shifted towards higher temperatures
while the relative intensity of E90 (1) to E90 (0) increased.
Notice that the peak position of E90 (1) coincides with the position that can be ex-
pected for E75 in Si1−xGex (about 13 K below E90, compare Fig. 5.2). E75 was observed
in oxygen rich silicon at about 75 K and is attributed to a COH related defect as de-
scribed in detail in Chap. 5. Since the Si1−xGex samples presented in Fig. 6.1 contained
an oxygen concentration of about 1× 1018 cm−3 one could assume that the appearance of
E90 (1) is the result of the oxygen content in these samples rather than the inuence of
Ge. This possibility was tested by the investigation of a Si0.982Ge0.018 sample with a lower
oxygen concentration of about 1× 1017 cm−3 and a higher carbon concentration of about
6× 1016 cm−3 (SiGe-4) after the same hydrogenation procedure as described above. The
recorded DLTS spectrum is given in Fig. 6.2. Again, two peaks E90 (0) and E90 (1) were
observed around 90 K with a similar relative intensity as in the sample with the higher
oxygen concentration and comparable Ge concentration. The similarity of both spectra
demonstrates that E75 does not signicantly contribute to the DLTS peak E90 (1), which
appears to have a dierent origin than E75.
N-type Silicon-Germanium 73


























Figure 6.1: DLTS spectra recorded in n-type silicon-germanium samples with dierent germanium con-
tent (FZ-1, SiGe-1, SiGe-2, SiGe-3) after hydrogenation by a dc hydrogen plasma at 313 K. The spectra
were measured with VR = −0.5 V, VP = 0 V, a lling pulse width of 1 ms, and a rate window of 50 s−1.



















Figure 6.2: DLTS spectrum recorded in n-type Si0.982Ge0.018 (SiGe-4) after hydrogenation by a dc
hydrogen plasma at 313 K. The spectrum was measured with VR = −1 V, VP = +0.1 V, a lling pulse
width of 1 ms, and a rate window of 50 s−1.
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Figure 6.3: DLTS spectra recorded in n-type silicon-germanium samples with dierent germanium con-
tent (FZ-1, SiGe-1, SiGe-2, SiGe-3) after hydrogenation by a dc hydrogen plasma at 373 K. The spectra
were measured with VR = −1 V, VP = 0 V, a lling pulse width of 1 ms, and a rate window of 50 s−1.
DLTS spectra recorded after hydrogen plasma treatment at 373 K are shown in Fig. 6.3.
Two dominant peaks E42 and E262 were detected. With increasing Ge content E42 shifts
towards higher temperatures and the peak broadens.
Laplace DLTS
Laplace DLTS spectra were recorded to investigate a possible Ge-induced ne structure of
the DLTS peaks presented above. The results obtained at 85 K are given in Fig. 6.4 (a). In
silicon, a single Laplace DLTS peak E90 (00) with an emission rate of 15 s−1 was detected.
In contrast, in Si1−xGex more complicated spectra were observed. Two dominant peaks,
labeled E90 (00) and E90 (10), are present in all spectra and they shift towards lower
emission rates in samples with a higher Ge concentration. The relative concentration of
E90 (10) to E90 (00) was found to increase with the Ge content. Besides these dominant
peaks several small satellites were detected on the high-frequency side of E90 (00) and
E90 (10), and the relative concentration of these satellites increased with the Ge content.
Figure 6.4 (b) compares the Laplace DLTS spectra of the pure Si sample (FZ-1) from























































Figure 6.4: (a) Laplace DLTS spectra recorded at 85 K in hydrogenated n-type Si1−xGex samples (FZ-1,
SiGe-1, SiGe-2, SiGe-3) with dierent Ge content. (b) Laplace DLTS spectra recorded in hydrogenated
pure Si (FZ-1, top) and Si0.982Ge0.018 (SiGe-4, bottom) at 85 K. The labeling given below the peaks refers,
in a short form, to the full length labels of the peaks.
concentration. Again, two dominant peaks E90 (00) and E90 (10), and several smaller
satellites were observed in Si0.982Ge0.018 after hydrogenation.
Laplace DLTS spectra recorded at 265 K after hydrogen plasma treatment at 373 K
are presented in Fig. 6.5 (a). A single Laplace DLTS peak E262 (0) was observed in
pure Si with an emission rate of about 100 s−1. With increasing Ge content this peak
shifted towards lower emission rates and broadened. In addition, several smaller satellites
appeared on the high-frequency side of E262 (0). The relative intensity of these satellites
increased with the Ge content and they similarly shifted towards lower emission rates.
Laplace DLTS spectra recorded at 47 K are depicted in Fig. 6.5 (b). In pure Si, a single
Laplace DLTS peak labeled E42 (00) with an emission rate of about 270 s−1 was detected.
With increasing Ge content this peak broadened and shifted towards lower emission rates.
Several satellites appeared on the high-frequency side of E42 (00) in Si1−xGex, and their
relative intensity with respect to E42 (00) increased with the Ge content.
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Figure 6.5: Laplace DLTS spectra recorded at 265 K (a) and 47 K (b) in n-type Si1−xGex samples with
dierent Ge content (FZ-1, SiGe-1, SiGe-2, SiGe-3) after hydrogenation by a dc hydrogen plasma at 373 K.
Arrhenius plots
The activation enthalpy and the apparent capture cross section of the dominant Laplace
DLTS peaks in n-type Si1−xGex were obtained from Arrhenius plots that are given in
Fig. 6.6 and 6.7. The values are summarized in Tab. 6.1.
Field Eect
The charge states of the observed levels were determined from the eld dependence of their
emission rate. The results obtained for E42 (00), E90 (00), and E262 (00) were found to be
identical to what was observed for these levels in pure Si. The result for E90 (10) is shown
in Fig. 6.8 together with the result that was obtained for E90 (00) in the same sample.
The emission rate enhancement of E90 (10) was found to be smaller than expected from
the Poole-Frenkel model of a charged center but it corresponds well to a model of a
neutral center using a square-well potential of radius r = 5.5 nm. The same radius was
also obtained for the t of E90 (00), which is consistent with the results for E90 in Chap. 5.
This result further suggests that E90 (10) is closely related to E90 (00).
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Figure 6.6: Arrhenius plots of the Laplace DLTS peaks E42 (00) (a) and E262 (0) (b).










































Figure 6.7: Arrhenius plots of the Laplace DLTS peaks E90 (00) (a) and E90 (10) (b).
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label x Ena(eV) σna(cm
2) assignment
E42 (00)
0.000 −(0.06± 0.01) (2.2± 0.2)× 10−17
CH1AB (−− /−)
0.011 −(0.06± 0.01) (1.0± 0.2)× 10−18
0.026 −(0.05± 0.01) (1.0± 0.2)× 10−19
0.045 −(0.04± 0.01) (2.0± 0.3)× 10−20
E90 (00)
0.000 −(0.16± 0.01) (2.8± 0.3)× 10−16
CH1BC (−/0)
0.011 −(0.16± 0.01) (3.0± 0.2)× 10−16
0.026 −(0.15± 0.01) (1.0± 0.2)× 10−16
0.045 −(0.15± 0.01) (3.1± 0.3)× 10−16
E90 (10)
0.011 −(0.15± 0.01) (1.2± 0.3)× 10−15
GeCH1BC (−/0)0.026 −(0.14± 0.01) (5.5± 0.3)× 10−16
0.045 −(0.14± 0.01) (1.8± 0.3)× 10−16
E262 (0)
0.000 −(0.52± 0.01) (1.8± 0.6)× 10−15
CH1AB (−/0)
0.011 −(0.49± 0.02) (1.0± 0.6)× 10−15
0.026 −(0.48± 0.02) (4.3± 1.9)× 10−16
0.045 −(0.50± 0.02) (2.8± 1.4)× 10−16
Table 6.1: The activation enthalpies, the apparent capture cross sections, and the assignments of the
peaks observed in n-type Si1−xGex. Ena is given with respect to the conduction band edge.

















       88 K
x = 0.011
Figure 6.8: The emission rate of E90 (00) and E90 (10) as a function of the square root of the electric
eld measured at 88 K in a sample with x = 0.011. The ts with a square-well potential with a radius of
5.5 nm are shown as solid lines.
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Figure 6.9: The depth proles of E90 (10) and the PH complex measured in a sample with x = 0.026
after hydrogenation by wet chemical etching for 5 min.
Depth proles
Figure 6.9 compares the depth proles of E90 (10) and the phosphorous-hydrogen (PH)
complex recorded in a Si0.974Ge0.026 sample after hydrogenation by wet chemical etching.
The concentration of PH was calculated by subtracting the phosphorous donor concentra-
tion after hydrogenation from the net free carrier concentration in the as-grown samples.
The concentration of PH was found to be signicantly higher than that of E90 (10) but
both proles exhibit an identical decrease towards the bulk. According to Ref. [70], the
identical slopes of the depth proles of E90 (10) and PH demonstrate that E90 (10) contains
a single hydrogen atom.
Thermal stability
The inuence of alloying on the thermal stability of the observed defects was investigated
by isochronal annealing experiments. The concentration of the defects was calculated from
the CV proles and the Laplace DLTS amplitude under consideration of the λ-layer [6].
Figure 6.10 compares the results obtained for E90 (00) and E90 (10) measured in the
same Si0.989Ge0.011 sample with 15 min annealing steps. The recorded concentrations are
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Figure 6.10: The relative concentration of E90 (00) and E90 (10) after isochronal annealing steps of
15 min in a sample with x = 0.011.
normalized to their initial concentration N0 measured at 85 K directly after hydrogenation.
The concentration of E90 (00) was reduced by a factor of two at about 320 K and it
annealed out at about 370 K. The defect E90 (10) was found to be slightly more stable
and it annealed out at 380 K.
Figure 6.11 compares Laplace DLTS spectra recorded directly after hydrogenation (top)
and after an annealing step at 370 K (bottom). Both spectra are normalized to their respec-
tive maximum intensity. Before the annealing series the spectra exhibited two dominant
peaks E90 (00) and E90 (10) together with several satellites (Fig. 6.11 top). After the an-
nealing at 370 K only the peaks E90 (1n) (n = 0−2) were detected with identical emission
rates and relative concentrations as before the annealing. This suggests that the Laplace
DLTS peaks E90 (0n) and E90 (1n), although both levels are apparently correlated with
the same defect, originate from slightly dierent defect structures with dierent thermal
stabilities.
Figure 6.12 illustrates the dependence of the thermal stability of E90 (00) on the Ge
content of the samples. The isochronal annealing was performed with 15 min steps. The
concentrations are normalized to their initial concentration N0 measured directly after
hydrogenation. It was found that the annealing behavior of E90 (00) is similar in samples
N-type Silicon-Germanium 81


























T = 85 K
Figure 6.11: Laplace DLTS spectra recorded at 85 K in a Si0.989Ge0.011 sample directly after hydrogena-
tion (top) and after subsequent annealing at 370 K for 15 min. Two groups of lines can be distinguished,
as indicated by their labeling.
with dierent Ge content. The small variations that can be observed between the annealing
curves of the dierent samples originate from a small shift of the investigated region due
to a change in the net free carrier prole after annealing, which did not always allow to
cover exactly the same depth region in all measurements. This eect was more prominent
for samples with lower doping concentrations (SiGe-1, x = 0.011).
Figure 6.13 presents the dependence of the thermal stability of E262 (0) on the Ge
content of the samples, which was investigated with 60 min annealing steps. The concen-
trations are normalized to their initial concentration N0 measured directly after hydro-
genation. Within the experimental accuracy the thermal stability of E262 (0) was found
to be independent of the Ge content. In all samples the concentration of E262 (0) was
reduced by a factor of two at about 370− 380 K and it dropped below the detection limit
at about 420 K.
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Figure 6.12: The relative concentration of E90 (00) after isochronal annealing steps of 15 min recorded
in samples with dierent Ge content (FZ-1, SiGe-1, SiGe-2, SiGe-3).




































Figure 6.13: The relative concentration of E262 (0) after isochronal annealing steps of 60 min recorded




DLTS spectra recorded in p-type Si1−xGex samples with dierent Ge content after hydro-
genation by a dc hydrogen plasma at 373 K are shown in Fig. 6.14. The depicted spectra
are normalized to their respective maximum intensity and shifted vertically for clarity. Two
majority carrier peaks H50 and H180 and one minority carrier peak E262 were detected.
In samples with x ≥ 0.046 the peak H50 was not fully recorded due to the onset of the
carrier freeze out at about 30 K. H50 and H180 shift towards lower temperatures when
the Ge content increases, while the position of E262 is relatively constant at about 260 K.
Laplace DLTS
Laplace DLTS spectra recorded at 170 K are given in Fig. 6.15 (a). A single Laplace
DLTS peak H180 (0) with an emission rate of 12 s−1 was observed in pure Si. When
the Ge content increased, this peak broadened and shifted towards higher emission rates.
In addition, a smaller satellite, labeled H180 (1), appeared on the low frequency side of
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Figure 6.14: DLTS spectra recorded in p-type silicon-germanium samples with dierent germanium
content (CZ-8, SiGe-5, SiGe-6, SiGe-7) after hydrogenation by dc hydrogen plasma at 373 K. The spectra
were measured with VR = −2 V, VP = −0.2 V, a lling pulse width of 1 ms and a rate window of 50 s−1.
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Figure 6.15: (a) Laplace DLTS spectra recorded at (a) 170 K and (b) 265 K in p-type Si1−xGex samples
with dierent Ge content (CZ-8, SiGe-5, SiGe-6, SiGe-7) after hydrogenation by dc hydrogen plasma at
373 K.
H180 (0) in samples with x ≥ 0.046. With increasing Ge content the relative intensity of
this satellite increased with respect to H180 (0).
Figure 6.15 (b) presents Laplace DLTS spectra recorded at 265 K. In pure Si, the
minority carrier peak E262 consisted of a single Laplace DLTS peak E262 (0) with an
emission rate of about 140 s−1. In Si1−xGex, this peak was shifted towards lower emission
rates. On its high-frequency side several satellites appeared with a relative concentration
that was proportional to the Ge content of the samples.
Laplace DLTS spectra of H50 could not be recorded in Si1−xGex because of the small
concentration of this defect and the onset of the carrier freeze-out at low temperatures.
This lead to a signicantly worse signal-to-noise ratio which made the evaluation of the
recorded transient with the available measurement setup impossible. Laplace DLTS spectra
of H50 in pure Si are presented in Chap. 5 (Fig. 5.22 (a)).
Arrhenius plots
Arrhenius plots of H180 (0) and E262 (0) are presented in Fig. 6.16. The values of the
activation enthalpy and apparent capture cross section are summarized in Tab. 6.2. Due
to the low signal-to-noise ratio of the H50 signal a reliable Arrhenius plot of H50 could be
only obtained in pure Si. This plot is shown in Fig. 5.24 in Chap. 5.
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Figure 6.16: Arrhenius plots of the Laplace DLTS peaks H180 (0) (a) and E262 (0) (b).
label x Epa(eV) σpa(cm
2) assignment
H50 0.000 +(0.08± 0.02) (2.9± 1.2)× 10−17 CH2AB (−/0)
H180 (0)
0.000 +(0.33± 0.01) (3.0± 0.8)× 10−16
CHT (−/0)
0.011 +(0.31± 0.01) (1.5± 0.8)× 10−16
0.046 +(0.29± 0.02) (1.6± 1.5)× 10−16
0.070 +(0.27± 0.02) (1.9± 1.2)× 10−16
E262 (0)
0.000 +(0.64± 0.01) (1.2± 0.2)× 10−15
CH1AB (−/0)
0.011 +(0.64± 0.01) (1.0± 0.2)× 10−15
0.046 +(0.66± 0.02) (1.6± 0.4)× 10−16
0.070 +(0.65± 0.02) (7.0± 0.5)× 10−17
Table 6.2: The activation enthalpies, the apparent capture cross sections, and the assignments of the




In diluted n-type and p-type Si1−xGex alloys several Laplace DLTS peaks were observed
that did not appear in pure Si. These peaks appeared as small satellites next to dominant
peaks. In the following, arguments are presented that correlate these satellites with defects
that have dierent numbers of Ge atoms in their neighborhood compared to the defects
that give rise to the dominant peaks.
Nearest neighborhood models
In order to quantitatively analyze the relative intensities of the dominant Laplace DLTS
peaks and their satellites the probability of nding 0, 1, 2, or 3 Ge atoms in the nearest and
second-nearest neighborhood of carbon-related defects is calculated. For these simulations
it is assumed that Ge is randomly distributed in Si1−xGex, which was previously conrmed
by XAFS measurements [82], and that the distributions of Ge and C are mutually inde-
pendent. In this case, the probability of nding Ge as one of the nearest neighbors of a
defect can be calculated from the binomial distribution.
These calculations require a model of the local environment of the defect which denes
the number of possible neighborhood positions, since this determines the statistics of the
Ge distribution. In the present context, a certain neighborhood of a carbon-related defect
(rst-nearest, second-nearest, ...) is dened as the set of all atoms that are energetically
equivalent with respect to substitution, i.e. the substitution of an arbitrary atom of a given
neighborhood by Ge has the same inuence on the energy level of the carbon-related defect
no matter which particular atom of the neighborhood was replaced. The term energetically
equivalent means that occurring dierences in energy are smaller than the resolution limit
of the measurement technique. Below, the two neighborhood models that were considered
for the calculations are introduced.
The rst model, which is sketched in Fig. 6.17 (a), assumes that the rst-nearest neigh-
borhood of a particular carbon-related defect is determined by the four next-nearest neigh-
bors of substitutional carbon. The second nearest neighborhood is then given by the Si
atoms that neighbor those from the rst-nearest neighborhood. Since each Si atom in the
rst-nearest neighborhood is bonded to three Si neighbors, the second-nearest neighbor-
hood consists of twelve atoms. In the following, this will be referred to as the four nearest
neighbors model (4 NN model).
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Figure 6.17: (a) The rst- and second-nearest neighborhood of substitutional carbon in the frame of the
4 NN model. (b) The rst- and second-nearest neighborhood of carbon in the frame of the 6 NN model,
which consideres a non-equivalent bond between carbon and a neighboring atom.
The second model, which is illustrated in Fig. 6.17 (b), is more tailored to a bond-
centered defect with carbon on one side of the bond and a dierent atom on the other side
of the bond. In this case, the rst-nearest neighborhood is given by the three neighbors
of carbon that do not contribute to the bond and the three remaining neighbors of the
atom that forms the other end of the bond. Therefore, in this model the rst-nearest
neighborhood consists of six atoms. Each of these Si atoms has three unique neighbors,
which sums up to a total of eighteen neighbor positions in the second-nearest shell. In the
following, this will be referred to as the six nearest neighbors model (6 NN model).
The investigated carbon-hydrogen complexes in Si1−xGex alloys are formed by trapping
of free hydrogen at carbon atoms with dierent Ge environments. If no site preference of H
exists, the observed distribution of CH complexes with dierent Ge environments should
resemble the distribution of Ge around C. The choice of the appropriate model for the
nearest neighborhood of carbon depends on the conguration of the CH complex under
investigation.
E90
The DLTS level E90 in pure Si consists of a single Laplace DLTS peak E90 (00), which is
assigned to the bond-centered conguration of the CH complex without Ge in its neigh-
borhood (CH1BC, see Chap. 5). In contrast, in Si1−xGex two DLTS levels E90 (0) and
E90 (1) were observed. It was mentioned above that the position of E90 (1) at about
13 K below E90 (0) coincides with the position that can be expected for E75, which was
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shown to be a COH related defect. This possible explanation of E90 (1) could be ruled
out by the investigation of Si1−xGex samples with a lower oxygen concentration (SiGe-4).
It was shown that the relative concentration of E90 (0) and E90 (1) was independent of
the oxygen content of the samples, and, therefore, E75 cannot signicantly contribute to
the observed DLTS peak E90 (1). In addition, it is emphasized that E90 (0) and E90 (1)
were detected with comparable concentrations in sample SiGe-1 ([O] = 1× 1018 cm−3),
whereas E75 was always dominant in sample CZ-1 ([O] = 7× 1017 cm−3). If E90 (1) could
be identied with E75 one would expect a much smaller relative concentration of E90 (0),
which is not the case. Therefore, E90 (1) is identied with a Ge-related defect.
Laplace DLTS spectra recorded at 85 K reveal the presence of two dominant Laplace
DLTS peaks E90 (00) and E90 (10) and several smaller satellites. E90 (10) and the satel-
lites that are presented in Fig. 6.4 only appear in Si1−xGex, and their relative concentration
with respect to E90 (00) scales with the Ge content. The depth prole of E90 (10), shown
in Fig. 6.9, demonstrates that the defect which is responsible for this level contains a single
hydrogen atom, similar to CH1BC. E90 (00) and E90 (10) also have similar thermal stabili-
ties (Fig. 6.10). The dierence of the activation enthalpies of E90 (00) and E90 (10) can be
translated into an enthalpy dierence for electron emission by ∆H0/1 = kT ln (e0σ1/e1σ0)
[34]. This yields a dierence of their activation enthalpy of ≈ 20 meV, which is comparable
to the energy increase that is caused by a Ge atom in the rst-nearest neighborhood of
other substitutional defects [34, 79, 80]. Laplace DLTS spectra recorded before and after
annealing at 370 K (Fig. 6.11) show that the satellites can be separated into two groups,
each belonging to one of the observed dominant peaks. These results allow to correlate
the observed Laplace DLTS peaks with variations of E90 (00) with dierent numbers of
Ge atoms in the rst and second-nearest neighborhood of the defect, as indicated by their
labeling. As shown in Fig. 6.4, the energy dierence between E90 (00) and E90 (10) is
about 20 meV, while the energy dierence between two neigboring satellites can be esti-
mated as ≈ 12 meV. Since one would expect that the energetic inuence of neighboring Ge
becomes larger for positions closer to carbon the higher energy dierence can be assigned
to a conguration where the Ge atom is located closer to carbon. Following this consider-
ation, E90 (10) is attributed to the CH1BC conguration with one additional Ge atom in
its rst-nearest neighborhood, while the smaller satellites are identied with congurations
that dier by the number of Ge atoms in the second-nearest shell of CH1BC.
To gain informations about the defect structure, the observed relative concentrations
of the Laplace DLTS peaks are compared to simulations of the Ge distribution in the
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neighborhood of carbon. Figure 6.18 compares the observed relative concentrations of
E90 (An) (gray bars) and the calculated probabilities for the occupation of the neighboring
lattice sites of C with Ge in the frame of the 4 NN model (top, dashed pattern) and the
6 NN model (bottom, cross-hatched pattern). The labeling of the x-axis refers in a short
form to the defect labels and indicates the number of Ge atoms in the rst and second-
nearest shell of carbon. The concentrations are normalized to E90 (00), with zero Ge atoms
in the rst and second-nearest shell. The comparison reveals that the experimental relative
concentration of the congurations with one Ge atom in the rst-nearest shell (E90 (1n))
is much larger than that expected for both the 4 NN model and the 6 NN model with a
pure statistical distribution of Ge atoms. This inconsistency can be explained either by a
preference of H to reside close to C and Ge, or by a preference of Ge to reside close to C.
In Ref. [83] the electronic and structural properties of substitutional carbon in Si1−xGex
were investigated by ab initio total-energy calculations. The authors showed that the
formation energy of substitutional carbon increases by about 100 meV for each Ge atom
in its rst-nearest neighborhood and about 10 meV for each Ge atom in its second-nearest
neighborhood. This result renders it unlikely that the observed preferential formation of
E90 (1n) is caused by an increased probability of nding C-Ge pairs, since the opposite
should be the case. From these ndings it is concluded that the enhancement of the
relative concentration of E90 (1n) is caused by a preference of H to reside close to C with a
neighboring Ge atom, which suggests that the position close to Ge is energetically favorable
for H.
Figure 6.19 presents a comparison of the experimental concentrations of E90 (1n) (gray
bars) and the calculated Ge distribution in the second-nearest shell of substitutional carbon
in the frame of the 4 NN model (top, dashed pattern) and the 6 NN model (bottom,
cross-hatched pattern). The concentrations are normalized to E90 (10), with only one
Ge atom in the rst-nearest shell. Excellent agreement between the experimental data
and the calculated Ge distribution is observed in the case of the 6 NN model, whereas the
predictions of the 4 NN model are always smaller than the experimental values. This result
shows that the distribution of Ge in the second-nearest shell of E90 (1n) can be accurately
described if one assumes a bond-centered structure of this defect. This nding is consistent
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Figure 6.18: Comparison of the experimental relative concentrations of E90 (An) and the calculated
probabilities of nding Ge atoms in the rst- and second-nearest neighborhood of carbon, evaluated in the
frame of the 4NN model (top) and 6NN model (bottom).



















Figure 6.19: Comparison of the experimental relative concentrations of E90 (1n) and the calculated
probabilities of nding Ge atoms in the second-nearest neighborhood of carbon neighboring Ge, evaluated
in the frame of the 4NN model (top) and 6NN model (bottom).
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Note, the presented experimental data does not allow to conclude where the Ge atom
next to CH1BC is located. Ge could be located next to carbon with H on a bond in between
or on a position in the rst-nearest neighborhood as dened by the 6 NN model. Both
possibilities would lead to the same relative concentrations of E90 (1n) and can therefore
not be distinguished. Theoretical investigations could help to answer this question. A
preliminary estimate of the preferred position of H can be made with the results given in
Ref. [84]. In this work, the authors investigated the local atomic structure of C in Si1−xGex
alloys with ab initio local-density functional cluster theory. For the case of C bonded to
three Si atoms and one Ge neighbor (Si3Ge1 : C) they obtained bond lengths for Si − C
of 1.954 Å and for Ge − C of 2.043 Å. The longer Ge − C bond suggests that H may be
more easily incorporated between C and Ge. This case would imply the defect structure
that is shown in Fig. 6.20. However, it is emphasized that this defect structure is rather










Figure 6.20: Schematic diagram of the possible structure of CH1BC with one Ge atom next to carbon
and a H atom on a bond-centered position (E90 (10)).
E42 and E262
The two DLTS levels E42 and E262 were investigated in pure n-type Si in Chap. 5. There,
it was shown that E42 is the double acceptor level and E262 is the single acceptor level of
the same conguration of the CH complex, presumably the CH1AB conguration. In pure
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Si, each of these levels consists of a single Laplace DLTS peak (E42 (00) and E262 (0)).
In contrast, in Si1−xGex the Laplace DLTS peaks E42 (00) and E262 (0) were observed
together with several smaller satellites on their high-frequency side. The relative intensity
of the satellites with respect to the dominant peaks is proportional to the Ge content of the
samples. In addition, the satellites have the same annealing behavior and they exhibit the
same enhancement of their emission rate with electric eld as the dominant peaks. They
were never observed without the corresponding dominant peak and their relative intensity
is not inuenced by annealing. These observations suggest that the satellites are correlated
with variations of E42 (00) and E262 (0) with dierent numbers of Ge atoms in their local
environment.
Although the Laplace DLTS peaks E42 (An) and E262 (A) originate from the same
defect the Laplace DLTS spectra recorded at 47 K and 265 K are not identical. This can be
explained by the dierent energy resolution of the Laplace DLTS spectra at the respective
temperatures. An evaluation of the emission rate dierence between E262 (0) and E262 (1)
yields an enthalpy dierence for electron emission of about 20 meV (Fig. 6.5 (a)). The same
energy dierence is also shown in Fig. 6.5 (b) for the spectra recorded at 47 K. It is evident
that the spectra recorded at 47 K exhibit a higher resolution than those recorded at 265 K,
and thus smaller perturbations of the energy level can be detected. As mentioned above,
the inuence of neighboring Ge on the energy level of CH becomes larger for positions
closer to carbon. Therefore, the larger energy spacing of the satellites detected at 265 K
(Fig. 6.5 (a)) suggests their assignment to variations of E262 (0) with dierent numbers of
Ge in the rst-nearest neighborhood of CH1AB. Correspondingly, the smaller energy spacing
of the satellites detected at 47 K (Fig. 6.5 (b)) suggests their assignment to variations of
E42 (00) with dierent numbers of Ge in the second-nearest neighborhood of CH1AB. Note
that the energy increase due to Ge in the second-nearest neighborhood of about 10 meV
(Fig. 6.5 (b)) and the energy increase due to Ge in the rst-nearest neighborhood of about
20 meV (Fig. 6.5 (a)) suggests that the energy levels of E42 (02) and E42 (10) should
coincide.
Figure 6.21 presents a comparison of the relative concentrations of E262 (A) (gray
bars) and the calculated probabilities of nding dierent numbers of Ge atoms in the rst-
nearest neighborhood of carbon. The calculations have been performed in the frame of
the 4 NN (top, dashed pattern) and the 6 NN model (bottom, cross-hatched pattern).
The labeling of the x-axis indicates the number of Ge atoms in the rst-nearest shell of
carbon. The concentrations are normalized to E262 (0), with zero Ge atoms in the rst-
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nearest shell. The relative concentrations of E262 (A) follow the trend that is predicted
by the simulations. The best correspondence between theory and experiment is found for
the 6 NN model, while the predicted amplitudes of the 4 NN model are smaller than the
experimental data.
Note that a preference of H to reside close to C with Ge in its neighborhood could
inuence the observed relative concentrations in such a way that they would be higher
than predicted by the statistical simulations. Such a preference was indeed observed for
CH1BC (E90) as well as for Au, Pt, and Fe in Si1−xGex alloys [34, 35]. In Refs. [34, 35], the
authors ascribed this eect to a preference of the impurities (Au, Pt, and Fe) to reside close
to Ge. In analogy, a possible site preference H to reside close to C neighboring Ge would
cause an enhancement of the experimental relative concentrations. To decide whether the
4 NN or the 6 NN model is more suitable in this case these results were tested against the
outcome of the simulations for E42 (An). Since both levels belong to the same defect they
should be consistently described by the same model.
Figure 6.22 compares the relative concentrations of E42 (An) (gray bars) and the results
of the simulation in the frame of the 4 NN model (top, dashed pattern) and the 6 NN model
(bottom, cross-hatched pattern). The labeling of the x-axis (An) indicates the number of
Ge atoms in the rst and second-nearest shell of carbon. The concentrations are normalized
to E42 (00), with zero Ge atoms in the rst- and second nearest shell. In addition, the
calculated relative concentrations of E42 (10) (deviating pattern) is added to that of the
expected E42 (02) concentrations to simulate the suggested overlapping of E42 (02) and
E42 (10). The comparison shows an excellent agreement between the experimental data
and the predictions of the 4 NN model if the overlapping of E42 (10) and E42 (02) is taken
into account. In contrast, the predictions of the 6 NN model are much larger than the
experimental relative concentrations.
The results presented above show that E42 and E262 originate from a defect that can
be described by the 4 NN model and that exhibits a preference of H to reside close to C
neighboring Ge. This nding seems consistent with the assumed anti-bonding structure of
E42/E262. However, theoretical investigations are necessary to understand the inuence
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Figure 6.21: Comparison of the experimental relative concentrations of E262 (A) and the calculated
probabilities of nding Ge atoms in the rst-nearest neighborhood of carbon, evaluated in the frame of
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Figure 6.22: Comparison of the experimental relative concentrations of E42 (An) and the calculated
probabilities of nding Ge atoms in the rst and second-nearest neighborhood of carbon, evaluated in the
frame of the 4NN model (top) and 6NN model (bottom).
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H180
In p-type Si, the DLTS peak H180 consists of a single Laplace DLTS peak H180 (0), which
was tentatively assigned in Chap. 5 to the T interstitial conguration of the CH complex.
In Si1−xGex, the peak H180 (0) was found to signicantly broaden with increasing Ge
content. In addition, a single satellite H180 (1) was detected on the low-frequency side
of H180 (0) and the relative concentration of this satellite increased with x. Due to the
small concentration of H180 (1) no depth prole of this defect could be recorded, but it is
noted that it was never detected without the simultaneous appearance of H180 (0). These
characteristics allow to correlate H180 (1) with a variation of H180 (0) with a dierent
number of Ge atoms in its neighborhood.
The emission rates of H180 (0) and H180 (1) were found to dier by a factor of about
∼ 8. Under the assumption of similar apparent capture cross sections, this translates into
kT ln (e1/e0) ≈ 20 meV. This value is similar to the energy dierence between E90 (00)
and E90 (10), E262 (0) and E262 (1), and E42 (00) and E42 (10), which dier only by
the number of Ge atoms in their rst-nearest neighborhood. In addition, the observed
energy distance of about 10 meV between peaks that dier by the number of Ge atoms on
a second-nearest neighbor position (e. g. E42 (0n)) approximately corresponds to the full
width at half maximum (FWHM) of the Laplace DLTS peak H180 (0). This indicates that
the broadening is caused by unresolved variations of H180 (0) with dierent numbers of
Ge on the second-nearest neighbor positions. Based on these ndings, H180 (1) is assigned
to a variation of H180 (0) with one additional Ge atom in its rst-nearest neighborhood,
while variations with Ge in the second-nearest neighborhood cannot be resolved at this
temperature.
Figure 6.23 compares the experimentally obtained relative concentrations of H180 (A)
(gray bars) and the results of the simulation according to the 4 NN model (top, dashed
pattern) and 6 NN model (bottom, cross-hatched pattern). The labeling of the x-axis
indicates the number of Ge atoms in the rst-nearest shell of carbon. Note that the
peak order in Fig. 6.23 corresponds to the peak order observed in the Laplace DLTS
spectra (Fig. 6.15 (a)), with the 1-Ge peak on the left-hand side. The concentrations
are normalized to H180 (0). Both models are able to describe the experimental relative
concentrations with equal precision. From these results, no conclusions on the atomic
structure of this CH complex can be drawn. However, it should be noted that the observed
relative concentrations generally agree to the predictions of the models and no signicant
deviations, as in the case of E90 (An), were found. Consequently, it can be concluded
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that H180 and E90 originate from dierent congurations of the CH complex. This result
contradicts the suggestion of Ref. [8], where it was claimed that H180 could be the donor
state of the CH1BC conguration. However, it agrees with the result of Ref. [19] where
it was suggested that E90 and H180 should originate from dierent congurations of the
CH complex. The results presented above are consistent with the assumed T interstitial
conguration of the CH complex.
It should be noted that the observed dierences between the results obtained for
E90 (An) in the n-type samples and H180 in the p-type samples cannot be explained
by the dierent doping conditions. E90 (An) and H180 (A) were observed in samples after
their hydrogenation at temperatures in the range of 295− 373 K. In this temperature range
the position of the Fermi level varies between 0.26 eV and 0.34 eV from the conduction
band (i.e. below E90 (An)) in n-type samples, and it is in the range between 0.25 eV and
0.33 eV from the valence band (i.e. approximately equal to H180 (A)) in p-type Si1−xGex.
At these positions of the Fermi level, a signicant part of H should be always positively
charged [85, 86]. Therefore, the formation of hydrogen complexes should be identical in
all cases. If E90 (An) and H180 (A) belong to dierent charge states of the same defect
one would expect that identical patterns of the Laplace DLTS peaks should be observed
in Si1−xGex alloys independent on the type of conductivity. However, since the observed
level patterns are in stark contrast they show that the levels E90 and H180 originate from
two dierent congurations of the CH complex.
The results of this chapter are summarized in Fig. 6.24. It shows the ionization enthalpy
of the observed levels and the variation of the valence and conduction band edge of Si1−xGex
with the Ge content x. The dashed lines indicate the linear extrapolation of the trends of
the activation enthalpy of the defects. E42 (00) and E262 (0) move upwards in the band
gap. It is expected that E42 becomes resonant with the conduction band at about x ≈ 0.13,
while E262 could be detectable also in pure Ge. H180 (0) moves towards the valence band
and crosses it at about x ≈ 0.30. The level E90 (00) is approximately constant in energy
and possibly also observable in the upper half of the band gap of pure Ge. It is emphasized
that the level positions were determined only for small Ge fractions and, therefore, the
extrapolated trends have a certain error in their slope.
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Figure 6.23: Comparison of the experimental relative intensities of H180 (A) and the calculated proba-
bilities of nding Ge atoms in the rst-nearest neighborhood of carbon, evaluated in the frame of the 4NN
model (top) and 6NN model (bottom).































Figure 6.24: A plot of the ionization enthalpy of the defects observed in Si1−xGex in dependence of the
Ge content x. The band edges are shown as solid lines and are taken from Ref. [28]. The trends of the
activation enthalpies are shown as dashed lines and are obtained by linear regression.
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7 Carbon-Hydrogen Complexes in
Germanium
7.1 Introduction
Until now, no DLTS studies on CH-related defects in Ge are available in the literature.
This is at least partly due to the fact that the reported carbon solubility is very low
[39, 42], and, therefore, carbon is often excluded from the interpretation of experimental
results. However, as mentioned in Sec. 1 carbon concentrations of about 1014 cm−3 were
measured in Ge [37, 38]. An electrical activation of carbon by indiusing hydrogen above
a concentration of about 1011 cm−3 would result in a detectable CH concentration. To
check this possibility, dierently doped CZ-grown n-type (Sb or P) and p-type (B) doped
Ge samples were investigated after their hydrogenation by either wet chemical etching or




The damaging eect of the hydrogen plasma treatment on Ge was investigated by simu-
lating the hydrogen irradiation with the SRIM1 code [87, 88]. Using the conditions of the
hydrogen plasma treatment (Vacc = 300 V) the impact of 106 hydrogen ions on a Ge target
was simulated. The calculations predicted that no vacancies should be formed under these
conditions.




Figure 7.1 presents DLTS spectra recorded in n-type germanium samples doped with Sb
and P (Ge-1, Ge-2), respectively, after their hydrogenation by a dc hydrogen plasma at
323 K or by wet chemical etching. A single DLTS peak E150 was detected at about 150 K
after hydrogen plasma treatment, independent of the donor species. In contrast, no DLTS
peaks were detected after wet chemical etching of samples Ge-1 and Ge-2.
To determine the origin of the dierence between the DLTS spectra recorded in the
etched and plasma treated samples depth proles of the net free carrier concentration in
those samples were compared. Figure 7.2 (a) depicts the net free carrier concentration in
sample Ge-1 recorded after hydrogen plasma treatment (solid line) and wet chemical etch-
ing (dashed line). The distribution recorded after plasma treatment reveals a signicant
passivation of the donors close to the surface, which can be attributed to the formation
of electrically neutral SbH complexes [89]. In contrast, the net free carrier concentration
recorded after wet chemical etching shows a at distribution with only a small reduction
of the donor concentration close to the surface. This result emphasizes the more ecient
hydrogen introduction of the plasma treatment, and it suggests that E150 could be hy-



























Figure 7.1: DLTS spectra recorded in n-type germanium samples doped with antimony (Ge-1) or phos-
phorous (Ge-2). Hydrogen was introduced by hydrogen plasma treatment at 323 K (a), (b) or wet chemical
etching (c), (d). The spectra were recorded with VR = −1 V, VP = −0.1 V, a lling pulse width of 1 ms,
and a rate window of 50 s−1.
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Figure 7.2: (a) The free carrier concentration Nd as obtained from CV measurements in sample Ge-1
after hydrogen introduction by wet chemical etching and dc hydrogen plasma at 323 K, respectively. (b)
DLTS spectra recorded in sample Ge-3 after wet chemical etching.
drogen related. To test this assumption, a sample with a lower donor concentration of
5× 1013 cm−3 (Ge-3) was hydrogenated by wet chemical etching for 24 min in an acid
composed of HNO3 : HF with a volume ratio of 5 : 3. After this preparation procedure
E150 was indeed detected with a concentration of about 1× 1010 cm−3 (Fig. 7.2 (b)). This
demonstrates that E150 contains hydrogen.
Laplace DLTS
Figure 7.3 (a) presents a Laplace DLTS spectrum that was recorded at 155 K in sample
Ge-1 (Sb) after hydrogen plasma treatment. A single Laplace DLTS peak, labeled E150,
was detected with an emission rate of about 100 s−1. An identical spectrum was obtained
in the sample Ge-2 (P) (not shown).
Arrhenius plot
Figure 7.3 (b) shows the Arrhenius plot of E150 obtained in Sb doped (full symbols) and P
doped (open symbols) samples. The activation enthalpy and apparent capture cross section
of E150 was obtained as Ec−0.31 eV and σna = 1.9× 10−14 cm2, and it is independent of
the donor species.
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Figure 7.3: (a) Laplace DLTS spectrum recorded at 155 K in sample Ge-1 after hydrogen plasma treat-
ment at 323 K. The spectrum was recorded with VR = −2.5 V, VP1 = −0.2 V, and VP2 = −1.5 V. (b)
Arrhenius plot of E150 as obtained in Sb doped Ge (Ge-1) and P doped Ge (Ge-2).









Figure 7.4: The temperature dependence of the capture cross section of E150 obtained from the directly
measured capture rates.
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In contrast, the directly measured capture cross section of E150 is somewhat smaller and
was obtained as σn = 1.2× 10−16 cm2 at 155 K. It also exhibits a temperature dependence,
which is given in Fig. 7.4. A t of the data with Eq. (2.14) yields a barrier for electron
capture of about Eσ = 60 meV and a prefactor σ∞ = 1.5× 10−14 cm2.
Field eect
The emission rate enhancement of E150 with electric eld is presented in Fig. 7.5. The solid
line gives the t of the data with the square-well potential model with radius r = 5 nm.
The dashed and dotted lines show the ts with the Poole-Frenkel model and Hartke
model, respectively. None of the models is able to describe the data in the whole range of
electric eld strength. This could be related to the observed barrier for electron capture,
which was observed for E150, and which would eciently suppress the eld eect of this
defect [53]. This barrier makes the determination of the charge state of E150 from the eld
dependence of its emission rate unreliable.
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Figure 7.5: The emission rate of E150 as a function of the square root of the electric eld. Also given
are the ts with the square-well potential model (solid line), the Poole-Frenkel model (dashed line),
and the Hartke model (dotted line).
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Depth proles
Figure 7.6 presents depth proles of E150 and SbH complexes recorded directly after hy-
drogen plasma treatment at 323 K (full symbols). The concentration of the SbH complexes
was obtained by the substraction of the net free carrier concentration recorded after hy-
drogenation from the concentration in as-grown samples. The comparison shows that the
slopes of the depth proles of E150 and SbH were identical directly after hydrogen intro-
duction. Following the measurement of the depth proles, a subsequent 7 h reverse bias
annealing at 360 K with a reverse bias of −1.1 V was applied to this sample. This should
facilitate the drift of hydrogen from the surface into the bulk of the sample, as previously
shown in Ref. [90]. After the RBA, the sample was cooled down to the measurement
temperature of 155 K under applied reverse bias.
The depth proles recorded after RBA are given in Fig. 7.6 as open symbols. After
the RBA, the concentration of the SbH complexes increased, which can be attributed to
the formation of additional SbH complexes by the indiusion of hydrogen. Similarly, the
concentration of E150 also increased at a depth that corresponds to the edge of the depletion
layer during the RBA treatment (∼ 1.5 µm). The small decrease of the concentration of



















Figure 7.6: The depth prole of E150 and of phosphorous-hydrogen complexes after hydrogen plasma
treatment.
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E150 close to the surface (<1 µm) can be explained by the limited thermal stability of
this complex at the RBA temperature (compare Fig. 7.7) in combination with a reduced
trapping eciency for H, which rather tends to drift in the electric eld to the edge of the
depletion region.
The similar slopes of the E150 and SbH proles directly after hydrogenation and their
similar change by the RBA suggests that E150 contains a single hydrogen atom. However,
due to the low concentration of E150 after wet chemical etching of samples with a lower net
donor concentration of 5× 1013 cm−3 (Ge-3) it was not possible to obtain reliable depth
proles in etched samples, and, therefore, the number of H atoms cannot be unambiguously
derived from the depth proles by using the theory presented in Ref. [70].
Thermal stability
Figure 7.7 shows the thermal stability of E150 that was investigated by 60 min isochronal
annealing steps. After each annealing step the concentration of E150 was calculated at the
same depth of around 0.7 µm. The concentration decreases by a factor of two at about
370 K and the defect anneals out at about 420 K. The t with the rst-order decay model
yields ∆Eth = (0.66± 0.02) eV and ν = (6.5± 2.0)× 105 s−1.
































In p-type germanium, the investigations were impeded by the absence of good quality
Schottky contacts on hydrogenated Ge. This circumstance is correlated with the charge
state of H, which is always negative in Ge according to Refs. [85, 91]. In this case, the net
doping concentration of p-type Ge is the sum of the background acceptor concentration
and the concentration of negatively charged hydrogen. Therefore, hydrogenation leads
to an increased carrier density close to the surface, which results in considerable leakage
currents that make capacitance related measurements unreliable. A detailed discussion
of the detrimental eect of H on the formation of Schottky barriers on p-type Ge can be
found in Ref. [91]. In the present work, reliable Schottky contacts on p-type Ge could be
only formed before its hydrogenation, in good agreement with the results of Ref. [91]. No
DLTS peaks were observed in this case.
7.3 Discussion
The eect of hydrogen introduction was investigated in dierently doped n-type and p-
type Ge samples. A single DLTS level, labeled E150, with an activation enthalpy of
Ec−0.31 eV and an apparent capture cross section of σna = 1.9× 10−14 cm2 was observed
after hydrogenation of n-type Ge. The concentration of this defect was highest after
hydrogen plasma treatment (∼ 3× 1013 cm−3), whereas after wet chemical etching only
a low concentration of about 1× 1010 cm−3 was detected. This observation can be easily
explained if one assumes that E150 is a hydrogen related complex and if one considers the
dierent penetration depths of H after dierent hydrogenation procedures. In agreement
with this assumption is the eect of the RBA on the depth prole of E150, which changed
similarly than that of the SbH complex. Unfortunately, the charge state of E150 could
not be derived from the eld dependence of the emission rate, because it was found that
E150 exhibits a barrier for electron capture of about 60 meV. Such a barrier prevents the
detection of a possible Poole-Frenkel eect which makes a determination of the charge
state from this measurement unreliable. E150 was found to anneal out at about 370 K.
All observed electrical properties of E150 were independent from the donor species, which
indicates that E150 does not contain Sb or P.
A defect with similar electrical properties was previously also reported by Auret et al.,
Coelho et al., andNyamhere et al. [9298] in Sb-doped germanium. In Refs. [9294], the
authors observed a DLTS level with an activation enthalpy of Ec−0.31 eV and an apparent
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capture cross section of about σna ≈ 2× 10−14 cm2 after an inductively coupled Ar plasma
etch (ICP). They speculated that E150 could be a complex involving a divacancy (V2).
However, in the present study E150 was also observed after wet chemical etching and H
plasma treatment, which did not introduce any vacancies according to SRIM simulations.
This demonstrates that E150 is not vacancy related.
In Refs. [97, 98] E150 was investigated after its formation by an Ar ICP etch performed
on Sb-doped Ge with dierent doping concentrations. The authors noticed that E150
could be introduced by an Ar ICP etch only once. After a subsequent annealing of E150
to concentrations below the detection limit it was not possible to reintroduce E150 by an
additional Ar ICP etch. It was suggested that E150 was formed in the initial Ar ICP etch
by residual hydrogen, and after its annealing the previously consumed H was no longer
available for the formation of additional E150. From this the authors concluded that E150
should be attributed to a hydrogen-impurity complex with the impurity being either an
intrinsic defect or an unintentionally introduced impurity. Further, the authors argued that
a VH3 complex could be the origin of E150, but it was emphasized that this assignment
is very speculative. A correlation of E150 with O or C was assumed to be unlikely, due to
the known low impurity concentrations. However, it is noted that the concentrations of O
and C in the samples of Refs. [97, 98] were given as < 1016 cm−3, which is a too high limit
to reliably exclude these impurities from the consideration of the origin of E150, since in Si
carbon concentrations of 1015 cm−3 already lead to an easily detectable CH concentration.
In addition, it is pointed out that the possibility of a VH3 complex as origin of E150 is very
unlikely, since in the present study E150 was also observed without vacancy introduction.
The ndings of the present study and the information available in the literature can
be summarized in the following consistent picture: E150 is a hydrogen related complex
that most likely contains a single hydrogen atom and an unknown impurity. It has an
activation enthalpy of Ec−0.31 eV, a directly measured capture cross section of σn =
1.2× 10−16 cm2, and is thermally stable up to ≈ 370 K. Unfortunately, due to diculties
in the determination of the carbon and oxygen concentrations in the Ge samples it is not
possible at this point to identify the unknown impurity that takes part in the formation
of E150. One could speculate that, if carbon is the unknown impurity, E150 could be a
charge state of the CH1BC or CH1AB conguration of the CH complex (compare Fig. 6.24),
but further investigations are necessary in order to understand the origin of this defect.
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In this work, carbon and hydrogen related complexes in silicon, silicon-germanium al-
loys, and germanium were studied by means of electrical measurements (DLTS, Laplace
DLTS, MCTS). Several electrically active complexes between hydrogen and substitutional
carbon (E42, E65, E75, E90′, E90, E262, H50, H180) were observed in silicon and silicon-
germanium after hydrogen introduction. Their properties were investigated and by com-
parison with calculations they were assigned to dierent congurations of the CH complex.
The alloying of silicon with germanium was found to introduce several additional levels in
the band gap close to those observed in pure silicon. Their properties and their concentra-
tions relative to the defects that are observed in pure silicon were investigated in samples
with dierent germanium content. The results were used to draw conclusions on the defect
structure. In addition, a hydrogen-related level (E150) was observed in the band gap of
pure Ge and assigned to a complex between hydrogen and an unknown impurity.
Hydrogenation of pure n-type Si by a dc hydrogen plasma introduces two dominant
traps that appear at about 40 K (E42, Ec−0.06 eV) and 260 K (E262, Ec−0.52 eV) in
the DLTS spectra. Identical annealing behaviors and depth proles of E42 and E262
demonstrate that both levels belong to dierent charge states of the same CH complex.
Their characteristic emission rate enhancement with electric eld links E42 with a double
acceptor state and E262 with a single acceptor state. The origin of this CH complex was
derived by a comparison of its properties with calculations. The best correspondence was
found for the CH1AB conguration, with one hydrogen atom on the anti-bonding position
at the carbon atom. This level is expected to introduce an acceptor level at Ec−0.63 eV
[8], which is in reasonable agreement with the experimental value of E262 of Ec−0.52 eV.
In Si1−xGex alloys, the presence of Ge in the neighborhood of this complex leads to the
appearance of additional levels in the band gap close to those of E42 and E262. They
can be only separated from the pure Si levels with the Laplace DLTS technique. These
additional levels originate from structural variations of the defect with dierent numbers of
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Ge atoms in its neighborhood. The observed relative concentrations of the variations can
be explained by a model where Ge can reside on four equal next-nearest neighbor positions
of the substitutional carbon atom, which is consistent with the assumed anti-bonding
conguration of this CH complex. Hydrogen also exhibits a tendency to reside close to
CH1AB with one or more Ge atoms in its environment. This is explained by the strain
eld around the Ge impurity, which seems to lower the trapping barrier for the capture of
hydrogen. Another eect of alloying with Ge is an upward shift of the level positions of
E42 and E262 with increasing Ge content. A projection of this shift throughout the whole
composition range predicts the appearance of E262 in the upper half of the band gap of
pure Ge.
In p-type Si, a hydrogen plasma treatment leads to the formation of a CH related DLTS
level at about 180 K (H180, Ev+0.33 eV). This defect also contains a single hydrogen atom
and exhibits a comparable thermal stability as the defect that gives rise to E42 and E262.
However, in contrast to E42 and E262, H180 does not show any enhancement of its emission
rate with electric eld. This characteristics stems from a barrier for the capture of holes of
about 53 meV, which eciently suppresses any emission rate enhancement of H180. Due to
this fact, the charge state of H180 cannot be reliably determined from the eld dependence
of its emission rate. Nevertheless, the activation enthalpy of H180 (Ev+0.33 eV) is close to
the calculated acceptor level of the CHT conguration (Ev+0.23 eV), where hydrogen sits
on the T interstitial site next to carbon. In this case, the expected Poole-Frenkel-like
enhancement of the emission rate with electric eld would be suppressed by the observed
barrier, which is consistent with the experimental results. The previous suggestion that
H180 could be the donor state of the CH1AB conguration [19] could not be conrmed.
In combined DLTS and MCTS measurements it was shown that H180 and E262 appear
with dierent concentrations, what demonstrates that H180 and E262 belong to dierent
congurations of the CH complex. In Si1−xGex, the level position of H180 was found to
shift towards the valence band with increasing Ge content. From the extrapolated trend
it is estimated that the level position falls below the valence band edge at a Ge content of
about x ≈ 0.3. This indicates that H180 should be always negatively charged in Si1−xGex
alloys with x > 0.3 and also in pure Ge. In this context, it is interesting to note that
Haller et al. observed a carbon and hydrogen related acceptor in ultra-pure germanium
crystals [38] which may be related to H180. However, further investigations are necessary
in order to shed light on this issue.
Besides H180 another DLTS level, H50 (Ev+0.08 eV), was also observed after hydro-
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gen plasma treatment of p-type Si and Si1−xGex samples. H50 apparently belongs to a
CH related defect since it could be only detected in carbon-rich samples after hydrogen
introduction. Its charge state could not be determined because the determination of the
dependence of the emission rate of H50 on the electric eld was hindered by the low concen-
tration of H50 in combination with technical limitations. However, the activation enthalpy
of H50 agrees well with the calculated acceptor level position of the CH2AB conguration
of the CH complex (Ev+0.07 eV) [8]. In the neutral and negative charge state CH2AB is
expected to have the highest formation energy of the predicted possible congurations of
CH [8], which might explain the observed low concentration of this defect. H50 is therefore
tentatively assigned to the CH2AB conguration of the CH complex.
In contrast to hydrogen plasma treatment, a dierent set of defect levels (E65, E75, E90)
is usually dominant in wet chemically etched samples. These defects levels are correlated
with the acceptor state of the CH1BC conguration of the CH complex, which is proposed
by theory to be the most stable conguration with the lowest formation energy [8]. The
appearance of E65, E75, and E90 depends on the oxygen content of the samples. E90
(Ec−0.16 eV) can be observed in samples with a low oxygen concentration (< 1017 cm−3)
at about 90 K in the DLTS spectra and it originates from an isolated CH1BC complex. E65
(Ec−0.11 eV) and E75 (Ec−0.13 eV) appear in the DLTS spectra in samples with a high
oxygen concentration (> 1017 cm−3) at about 65 K and 75 K, respectively. Both levels
are suggested to originate from a CH1BC complex that is disturbed by a nearby oxygen
atom. The appearance of two levels is the result of two dierent inequivalent positions of
the oxygen atom in respect to the CH bond. In the presence of oxygen the formation of
E65 and E75 is strongly favored over the formation of E90, which suggests that a slightly
disturbed carbon atom is a more ecient trap for hydrogen than the undisturbed carbon
species. This conclusion is agreement with the experimental observation that the formation
of CH1BC disturbed by a nearby Ge atom in Si1−xGex alloys (E90 (1)) is also favored over the
formation of the undisturbed CH1BC complex (E90 (0)). A similar preference of hydrogen
to form complexes that are disturbed by germanium was not observed for H180, which
suggests that H180 and E90 originate from dierent defects. This result is in agreement
with the ndings of Kamiura et al. [19], who tentatively assigned E90 and H180 to two
dierent defects, but it is in disagreement with the calculations of Andersen et al. [8],
who assigned H180 to the donor state of CH1BC. In the case of Si1−xGex, the relative
concentrations of disturbed CH1BC complexes with dierent numbers of Ge atoms in their
second-nearest neighborhood (E90 (1n), n = 0, 1, . . .) were analyzed to gain information
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about the structure of the underlying defect. The observed relative concentrations of
E90 (1n) can be explained by a model of a bond-centered defect. By comparison with
theory [84], a model of the defect structure of E90 (1) is suggested where hydrogen is
located on a bond-centered position between carbon and a neighboring Ge atom. This
result also supports the identication of E90 with the CH1BC complex. In addition, in the
investigated composition range the activation enthalpy of E90 was found to be independent
of the Ge content of the samples. This suggests that E90 could be also detectable in pure
Ge.
It is noted that the DLTS level E90 in Si was previously attributed to the donor state
of the CH1BC complex [12], which is in contradiction to the result of the present work and
to the results of Andersen et al. [8]. This inconsistency could be resolved. By using
the high-resolution Laplace DLTS technique it was established that two dierent carbon-
hydrogen related defects (E90 and E90′) can be observed at about 90 K in the DLTS
spectra. In samples with a net donor concentration of Nd > 1015 cm−3 the single donor
state E90′ (Ec−0.14 eV) is formed by a reverse bias annealing. This complex is suggested
to originate from a CHn complex with more than one hydrogen atom. By comparison with
theory [71], it is concluded that n is most likely greater than 2. In contrast, after wet
chemical etching or sample preparation without the application of a reverse bias annealing
the single acceptor level E90 is formed, which is assigned to the CH1BC complex.
In pure n-type Ge a hydrogen related defect E150 (Ec−0.31 eV) was detected in the
upper half of the band gap. Previously, this defect was correlated with radiation damage
caused by the plasma treatment, since it could not be detected after wet chemical etching
[96]. In the present work, it was shown that E150 is not correlated with radiation damage,
because it also forms after wet chemical etching. The previous diculties in detecting
E150 after etching could be assigned to the small penetration depth of hydrogen during
the etch process. It was shown that the unknown impurity in E150 is not the dopant
species. Instead, it is likely that a common impurity such as oxygen, carbon, or silicon is
involved in this complex. In that respect it is noted that the observed shift of the single
acceptor levels of CH1BC and CH1AB in the band gap of Si1−xGex alloys with increasing Ge
content suggests that these levels could be also detectable in the upper half of the band
gap of pure Ge. Therefore, a CH complex might be a reasonable explanation for E150 in
Ge. However, further investigations are necessary in order to verify this hypothesis.
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